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I.  Preface 

At  the  1980  'Symposium  on  Aeroelasticity  in  Turbomachines  [1-3],  held  in 
Lausanne,  Switzerland1,  it  became  clear  that  it  was  virtually  impossible  to 
compare  different  analytical  models  for  predicting  flutter  and  forced 
vibration  and  establish  their  validity. 

The  Scientific  Committee2  of  this  meeting  decided  to  initiate  a  workshop  on 
'Standard  Configurations  for  Aeroelasticity  in  Turbomachine-Cascades*.  The 
aim  of  this  project  is  to  establish  a  data  base  with  some  well  documented 
experimental  data,  and  to  initiate  and  coordinate  future  experimental 
investigations  in  existing  test  facilities.  The  standard  configurations  to  be 
compiled  should  also  serve  as  test  cases  for  present  and  future  models  for 
predicting  aeroelastic  phenomena  in  turbomachine-cascades.  It  was  decided  by 
the  Scientific  Committee  that  this  study  should  be  coordinated  by  the 
'Laboratoire  de  therm ique  appliquee  et  de  turbomachines'  at  the  EPF- 
Lausanne,  and  that  hr.  T.  Fransson  should  undertake  the  task  under  an  United 
States  Air  Force  Contract. 

A  first  report  with  a  set  of  standard  configurations  was  distributed  to  all  the 
participants  at  the  end  of  1983  [4i3.  Calculations  were  subsequently 

1  Three  symposia  have  been  held  in  this  serie  (Paris,  France  1976; 
Lausanne,  Switzerland  1980;  Cambridge,  UK  1984)  and  a  fourth  is  scheduled 
for  1987  (Aachen,  West  Germany). 

2  Scientific  Committee: 

Germany  H.  FOrsching 

Switzerland  :  A.  Bdlcs  (P.  Suter  1980,  G.  Gyarmathy  1976,  1980) 

France  E.  Szechenyi  (R.  Legendre,  11.  Roy  1976,  1980) 

UK  O  S.  Whitehead  (♦  J.E.  Ffowcs  Williams,  D.G.M.  Davis, 

R.J.  Hill  1984) 

Japan  Y.  Tanida 

USA  M.  F.  Platzer  (♦  ME.  Goldstein  1984,  A  .A.  Mikolajczak 

1980) 

3  Please  note  that,  at  the  request  of  some  participants,  a  few  symbols 
and  standard  configurations  in  the  present  report  do  not  correspond  to  those 
in  Ref  4.  Refer  to  the  section  entitled  'Updating  of  Nomenclature'  for  these 
changes. 
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performed  and  comparisons  Detween  experimental  data  and  theoretical  results 
were  presented  at  the  Third  Symposium  (1984)  (7J.  The  conclusion  drawn  from 
the  work  was  promising  and  it  was  decided  to  continue  the  comparative 
efforts,  while  encouraging  new  experimental  and  theoretical  investigations, 
until  the  Fourth  Symposium  (1987). 

Special  emphasis  should  now  be  put  on  defining  a  small  set  of  aeroelastic 
test  cases  for  detailed  comparison  between  experiments  and  theories,  to 
coordinate  new  investigations  and  to  discuss  the  physical  phenomena  of 
aeroelasticity. 

The  objective  of  the  present  report  is  to  conclude  the  workshop  initiated  in 
1980,  and  look  ahead  to  the  Aachen  Symposium,  by  which  time  the  methods  so 
validated  may  be  used  for  detailed  and  systematic  calculations,  in  order  to 
obtain  a  better  understanding  of  the  aeroelastic  phenomena. 

This  exercise  should  serve  as  a  guideline  for  the  improving  the  numerical 
modeling  that  will  be  required  to  achieve  the  goal  of  providing  an  efficient 
and  reliable  unsteady  aerodynamic  analyses,  which  can  be  used  in 
turbomachinery  aeroelastic  design  investigations  |5). 

The  Scientific  Committee  hopes  that  this  report  will  constitute  a  bench¬ 
mark  for  the  validation  of  both  experimental  and  theoretical  aeroelastic 
investigations  in  turbomachines. 

The  present  report  will  be  updated  at  the  Aachen  Symposium,  so  that  any  new 
experimental  and/or  theoretical  investigations  can  be  included. 

The  members  of  the  Scientific  Committee  express  their  thanks  to  Mr.  T. 
Fransson,  who  coordinated,  compiled  and  evaluated  all  the  results,  and  to  all 
research  colleagues  who  participated  in  the  study. 

For  the  Scientific  Committee 


A  Boles 
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II.  Abstract 

The  aeroelastician  needs  reliable,  efficient  methods  for  calculating  unsteady 
blade  forces  in  turbomachines.  The  validity  of  such  theoretical  or  empirical 
prediction  models  can  be  established  only  if  researchers  apply  their  flutter 
and  forced  vibration  predictions  to  a  number  of  well  documented  experimental 
test  cases. 

In  the  present  report,  the  geometrical  and  time-averaged  flow  conditions  of 
nine  two-dimensional  and  quasi-three-dimensional  experimental  (mainly) 
standard  configurations  for  aeroelasticity  in  turbomachine-cascades  are 
given.  Some  aeroelastic  test  cases  are  defined  for  each  configuration, 
comprising  different  incidence  angles,  Mach  numbers,  interblade  phase  angle, 
reduced  frequencies,  etc. 

Furthermore,  a  proposal  for  uniform  nomenclature  and  reporting  formats  is 
included,  in  order  to  facilitate  the  comparison  of  different  experimental  data 
and  theoretical  results. 

In  total,  results  from  15  theoretical  prediction  methods  have  been  compared 
with  each  other,  and  with  experimental  data 

The  comparative  investigation  has  shown  that  present  theoretical  models  can 
predict  accurately  the  aeroelastic  behavior  of  certain  cascade  configurations 
in  two-dimensional  flow.  Other  configurations,  on  the  other  hand,  cannot  be 
predicted  as  well. 

It  is  concluded  that,  although  present  methods  can  predict  stability  limits  in 
some  cases,  the  physical  reasons  for  flutter  in  cascades  are  not  yet  fully 
understood  Further  investigations,  both  experimental  and  theoretical,  are 
thus  urgently  required. 
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IV.  Nomenclature 

Note: 

a)  At  the  request  of  some  participants,  the  nomenclature  of  the  first 
report  [41  has  been  slightly  modified  A  complete  list  of  the  changes  is  given 
in  section  V. 

b)  Throughout  this  report,  'standard  configuration"  will  designate  a 
cascade  geometry  and  "aeroelastic  case"  or  "aeroelastic  test  case"  will 
indicate  the  different  time-dependent  (and,  in  some  cases  time-averaged) 
conditions  within  a  standard  configuration. 

c)  The  tables  and  figures  will  be  numbered  as  the  sections  For  example, 
Figure  3.7-2  denotes  the  second  figure  m  section  3  7 

d)  In  order  to  be  consistent  with  Appendix  A5  in  which  all  results 
obtained  in  the  project  are  presented  (in  format  A4),  an  identification  is 
given  in  each  figure  as  a  plotnumber. 

These  plots  are  numbered  according  Vo  the  sections,  with  separation  for  the 
type  of  result  presented  such  as  plot  K.L-M.N  where 

•  K  indicates  the  section  (for  example  7) 

•  L  '  '  standard  configuration  number  (for  example.  7  4 

indicates  results  on  the  fourth  standard  configura¬ 


tion,  given  in  section  7  ) 

•  M  indicates  the  type  of  result 

M=1  :  time-averaged  pressure  coefficient  (-cp) 

and/or  Mach  number  (M,s) 

M=2  :  time-dependent  pressure  coefficient  (=cp) 

M=3  ‘  difference  coefficient  (=Acp) 

M=4  :  lift,  force  coefficient  (=  C),  ch,  Cf) 

M=5  :  moment  coefficient  (=cm) 

M=6  aerodynamic  damping  coefficient  (=Z) 

•  N  :  indicates  the  plot  number  of  type  K  L-M 


(for  example,  Plot  7  1-62  indicates  the  second  plot  of  type  6  of  the 
1st  standard  configuration  in  section  7) 
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e)  The  terms  “controlled  excitation",  "forced  excitation"  and  “flutter"  tests 

will  be  extensively  used  throughout  the  report.  In  the  present  context,  they 
are  defined  as  follows: 

•  Controlled  excitation  test: 

When  the  blades  are  vibrated  with  a  force  (mechanical,electro  magne¬ 
tic,...)  external  to  the  flow. 

•  Forced  excitation  test: 

The  blades  are  excited  by  the  flow,  but  in  a  known  way  (for  example 
blade  passing  frequency  from  upstream  blades). 

•  Flutter  test: 

Self  excited  vibrations,  i.e.  the  blades  vibrate  even  though  there  is  no 
controlled  or  forced  excitation  in  the  experiment. 
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Symbol  Explanation  Dimension 

Latin  Alphabet 

A  amplitude  (A=h  for  pure  sinusoidal  bending) 

(A=a  for  pure  sinusoidal  pitching) 

A  Fourier  coefficient 

c  chord  length 

£f(t)  unsteady  perturbation  force  coefficient  vector 

per  unit  amplitude,  positive  in  positive  coordi¬ 
nate  directions  (Eq.  5): 

Cf(t)  =  Cf  etf«t+*f)  If 

6f  real  amplitude  of  the  unsteady  perturbation  force 

coefficient  per  unit  amplitude  (Eq.  5) 
c,(t)  unsteady  perturbation  lift  coefficient  per  unit 

amplitude,  positive  in  positive  y-direction  (Eq.  4): 

C](t)  =  ci  ei(“,++i}  ey 

Note:  In  the  present  study,  the  lift  coefficient 
is  defined  as  the  force  component  perpen¬ 
dicular  to  the  chord! 

real  amplitude  of  the  unsteady  perturbation  lift 
coefficient  per  unit  amplitude  (Eq.  4) 
cm(t)  unsteady  perturbation  moment  coefficient  per- 

unit  amplitude,  positive  in  clockwise  direction  (Eq.  6): 

=  cm  |z 

cm  real  amplitude  of  the  unsteady  perturbation 

moment  coefficient  per  unft  amplitude.  (Eq.  6) 

Cp(x,t)  unsteady  perturbation  blade  surface  pressure 
coefficient  per  unit  amplitude  (Eq.  3): 


rad 

m 


cp(x,t)  =  cp(x)  eHwU*p(x» 
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Cp(x) 

cp 

Cv 

d 

ef 

ep 

en 

h 

b 

ey 

f 

f 

h  (x,y,t) 

h 

i 

i 

k 


real  amplitude  of  the  unsteady  perturbation 

pressure  coefficient  per  unit  amplitude  (Eq.  3) 

time-averaged  pressure  coefficient  =  lp-p.eol/lPv-oo*P-ool 

coefficient  of  aerodynamic  work  done  on 

the  airfoil  during  the  oscillation  cycle  (Eq.  12,  13) 

maximum  blade  thickness  (dimensionless  with  chord) 

unit  vector  in  force  direction 

unit  vector  in  bending  direction 

unit  vector  normal  to  blade  surface,  positive  inwards) 

unit  vector  tangent  to  blade  surface,  positive 

in  positive  coordinate  directions 

unit  vector  in  x-direction 

unit  vector  in  y-direction 

vibration  frequency  Hz 

function 

dimensionless  (with  chord)  bending  vibration, 
positive  in  positive  coordinate  directions 
dimensionless  (with  chord)  bending  amplitude 
complex  notation  =  {- 1  )0-5 

incidence  angle,  from  mean  camberline  at  leading  edge  deg 
reduced  frequency 

k=(c<i)|/l2vrefl 


M 

P  <x,y,t) 


ft 

Re 

Re 

T 

To 

t 

v 

Vrof 


Mach  number 

pressure  N/m2 

(with  superscript  "  :time-dependent  perturbation) 

(with  superscript  “  :time  averaged) 

dimensionless  vector  from  mean  pivot  axis 
to  an  arbitrary  point  on  the  mean  blade  surface 


real  part  of  complex  value 
Reynolds  number  =  (vref  c)/v 
dimensionless  time:  T  =  t/T0 

period  of  a  cycle  s 

time  s 

velocity  m/s 

reference  velocity  for  reduced  frequency  m/s 

vref  =  V|  for  compresor  cascade 
vref  =  v2  turbine  cascade 


i 
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x  dimensionless  (with  chord)  chordwise  coordinate 

xa  dimensionless  (with  chord)  chordwise  position 

of  torsion  axis 

y  dimensionless  (with  chord)  normal -to-chord  coordinate 

ya  dimensionless  (with  chord)  normal-to-chord  position 

of  torsion  axis 

z  dimensionless  (with  chord)  spanwise  coordinate 

Greek  Alphabet 


«(t)  pitching  vibration,  positive  nose-up  (Eq.  2)  rad 

a  pitching  amplitude  rad 

p  flow  angle,  from  axial  direction,  positive  in  direction  deg 

of  rotation  (Fig.  4.1-1) 

y  chordal  stagger  angle,  from  axial  direction,  (Fig.  4.1-1)  deg 

fi  bending  vibration  direction  =  tan-' (hy/h*)  deg 


ACp(x.t)  unsteady  perturbation  pressure  difference  coefficient  (Eq.  8):  - 
Acp(x,t)  =  ACp(x)  e'<wU*Ap(x)}  =  cp'#(x,t)  -  ep"»(x,t) 

ACp(x)  real  amplitude  of  unsteady  blade  surface  perturbation 
pressure  difference  coefficient  (Eq.  8) 

8a(m)  phase  lead  of  pitching  motion  towards  heaving  deg 

motion  of  blade  (m) 

v  kinematic  viscosity  m/s 

2  aeroelastic  damping  coefficient,  positive  for 

stable  motion 

a  interblade  phase  angle  between  blade  'm-1*  and  deg 

blade  'm‘.  vm=f  for  constant  interblade  phase  angle 
•m  is  positive  when  blade  "m”  precedes  blade  ‘m-1’ 

For  idealized  conditions  (constant  interblade 
phase  angle  between  adjacent  blades,  e;  and 
identical  blade  vibration  amplitude  for  all  blades) 
the  motion  of  the  (m)th  blade,  for  flexion, 
is  given  by. 


fim(x,y,t)  =  h®(x,y)  e'(wt+"»»)  eh 
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f  dimensionless  (with  chord)  blade  pitch  (=  gap-to-chord  ratio)  - 


♦f 

phase  lead  of  perturbation  force  coefficient 

towards  motion 

deg 

♦i 

phase  lead  of  perturbation  lift  coefficient  towards  motion 

deg 

phase  lead  of  perturbation  moment  coefficient  towards 

motion 

deg 

♦p(x) 

phase  lead  of  perturbation  pressure  coefficient  towards 

motion 

deg 

♦aj>(x) 

phase  lead  of  perturbation  pressure  difference 

coefficient  towards  motion 

deg 

? 

phase  angle  in  Fourier  series 

deg 

O 

circular  frequency  =  2»f 

rad/s 

Subscripts: 

A  A  =  h  for  bending 

«  for  pitching 

aero  aeroelastic  damping 

c  stagnation  value  in  the  absolute  frame  of  reference 

exp  experimental  result  (used  only  In  ambiguous  contexts) 

6  center  of  gravity 

global  global  (=  time-dependent  ♦  time-averaged)  (see  Eq.  7) 
l  imaginary  part 

is  "isentropic'  values,  defined  with  total  head  pressure 

in  measuring  station  *1*  upstream  of  the  cascade.  This  value  is 
thus  not  the  true  isentropic  value  as  it  includes  losses  in  the 
static  pressure 

k  k-th  harmonic  in  Fourier  series 

LE  leading  edge 

mech  mechanical  (damping) 

n  n-th  harmonic  in  Fourier  series 

R  real  part 

ref  reference  velocity  for  reduced  frequency 

v.-ef 3  V|  for  compressor  cascade 
vref  3  v2  tor  turbine  cascade 
TE  trailing  edge 

theory  theoretical  results  (used  only  in  ambiguous  contexts) 

w  stagnation  value  in  the  relative  frame  of  reference 
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AEROELASTICITY  IN  TURBOMACHINCS:  Prefect.  Nemencletwre 

x  component  tn  x-directfon 

y  component  in  y-direction 

z  component  in  z-direction 

a  position  of  pitch  axis  (see  Fig.  4.1-1) 

1  measuring  station  upstream  of  cascade 

2  measuring  station  downstream  of  cascade 

~«o  values  at  'infinity*  upstream 

♦oo  values  at  'infinity'  downstream 


Superscripts: 

(B)  (B)  designates  lower  or  upper  surface  of  profile 

(B)  =  (Is)  for  lower  surface  of  profile 
(us)  '  upper  ' 

c  complex  value  (used  only  in  ambiguous  contexts) 

(Is)  lower  surface  of  profile 

(m)  blade  number  m  «...  -2,  -1,  0.  1,2, ...  If  the  ampli¬ 

tude,  interblade  phase  angle,  etc.  are  constant  for 
the  blades  under  consideration,  this  superscript  will 
not  be  used 

(us)  upper  surface  of  profile 

time-averaged  (=  steady)  values.  This  superscript  will 
be  used  only  in  ambiguous  contexts 
time-dependent  perturbation  values.  This  superscript 
will  be  used  only  in  ambiguous  contexts 
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V.  Updating  of  Nomenclature 

Upon  the  request  of  some  participants,  the  nomenclature  from  the  first  report 
[4|  has  been  slightly  modified.  The  modifications  are: 

Symbol  Explanation  Dimension 


Greek  Alphabet 

P  flow  angle,  from  axial,  positive  in  direction  of  rotation  deg 

(Fig.  4.1-1)  (in  [4|,  from  circumferential) 

1  chordal  stagger  angle,  from  axial,  positive  in  direction  deg 

of  rotation  (Fig  4.1-1)  ([41,  from  circumferential) 

SuPscnpts 

c  stagnation  value  in  the  absolute  frame  of  reference  (in  [4], 

T  was  used) 

w  stagnation  value  in  the  relative  frame  of  reference  (In  [41, 

■f  was  used) 

Superscripts 

time  averaged  values  (was  time-dependent  in  [41) 
time  dependent  values  (was  time-averaged  in  [4]) 


/ 


1/ 


1 .  Introduction 

Considerable  dynamic  blade  loads  may  occur  in  axial-flow  turbomachines  as  a 
result  of  the  unsteadiness  of  the  flow.  The  trend  towards  ever  greater  mass 
flows,  or  smaller  diameters,  in  the  turbomachines  leads  to  higher  flow 
velocities  and  to  more  slender  blades.  It  is  therefore  likely  that  aeroeiastic 
phenomena,  which  concern  the  motion  of  a  deformable  structure  in  a  fluid 
stream,  will  continue  to  increase  in  future  turboreactors  (fan  stage)  and 
industrial  turbines  (last  stage)  (61. 

The  considerable  complications,  and  the  high  cost,  involved  in  taking  unsteady 
flow  measurements  in  turbomachines  make  it  necessary  for  the  aeroelastician 
to  rely  on  cascade  experiment  and  theoretical  prediction  methods,  to 
minimize  blade  failures  due  to  aeroeiastic  phenomena.  It  is  therefore  of  great 
importance  to  validate  the  accuracy  of  flutter  and  forced  vibration  predic¬ 
tions  as  well  as  experimental  cascade  data,  and  to  compare  theoretical 
results  with  cascade  tests  and  trends  of  results  obtained  in  turbomachines. 
Various  well-documented  unsteady  experimental  cascade  data  exist  through¬ 
out  the  world,  as  well  as  many  separate  promising  calculation  methods  for 
solving  the  problem  of  unsteady  flow  in  two-dimensional  and  quasi-three- 
dimensional  cascades.  However,  because  of  the  different  basic  assumptions 
used  in  these  prediction  methods,  and  the  many  individual  ways  of 
representing  the  results  obtained  ,  no  real  effort  has  been  made  to  compare 
the  different  theoretical  methods  with  each  other.  Furthermore,  since  hardly 
any  exact  solutions  are  known,  the  validity  of  these  theoretical  prediction 
analyses  can  be  verified  only  by  comparison  with  experiments.  This  is  very 
seldom  done,  partly  because  of  the  reasons  mentioned  above,  and  partly 
because  well -documented  experimental  data  are  normally  of  a  proprietary 
nature 


2.  Objectives 

At  the  Lausanne  Symposium  on  Aeroelasticity  in  1980  (21  it  was  proposed 

that  this  situation  could  be  partly  remedied  by  selecting  a  number  of  standard 

configurations  for  aeroeiastic  investigations  in  turbomachine-cascades,  and 

defining  uniform  reporting  format.  This  would  facilitate  the  comparison  of  ? 

different  theoretical  results  with  the  experimental  standard  configurations.  j 

i 

( 


A. 
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It  was  also  expected  that,  by  defining  the  state-of-the-art  of  flutter 
prediction  models,  new  experiments  and  theories  would  be  initialized  as  a 
logical  continuation  of  the  workshop. 

The  final  objective  of  a  comparative  work  of  the  present  kind  is,  of  course,  to 
validate  theoretical  prediction  models  with  experiments  performed  under 
operating  conditions  in  the  turbomachine,  i.e.  considering  unsteady  rotor- 
stator  interaction,  flow  separation,  viscosity,  shock-boundary  layer 
interaction,  three-dimensionality,  etc.  However  such  a  far-reaching  objective 
does  not  correspond  to  the  present  state-of-the-art  of  aeroelastic  knowledge, 
either  for  prediction  models  or  as  regards  well -documented  experimental  data 
to  be  used  for  validation  of  the  theoretical  methods. 

The  scope  of  the  present  report  will  thus  be  limited  to  fully  aeroelastic 
phenomena  under  idealized  flow  conditions  in  two-dimensional  or  quasi- 
three-dimensional  cascades.  Such  interesting  phenomena  as  rotor-stator 
interactions,  stalled  flutter  and  fully  three-dimensional  effects  will  thus  be 
excluded,  unless  as  they  are  an  extension  of  the  idealized  two-dimensional 
cascade  flow 

In  the  first  report  on  the  project  [4],  nine  standard  configurations  were 
selected,  ranging  from  flat  plates  to  highly  cambered  turbine  bladings,  and 
from  incompressible  to  supersonic  flow  conditions,  and  a  certain  number  of 
aeroelastic  test  cases,  mostly  based  on  existing  experimental  data,  were 
defined  for  analysis  by  existing  prediction  methods  for  flutter  and  forced 
vibrations 

A  number  of  "blind  test"  calculations  were  performed  by  different  prediction 
models  before  the  1984  Aeroelasticity  Symposium,  and  subsequently  compared 
with  the  experimental  data.  A  preliminary  discussion  on  these  results  was 
presented  at  the  Cambridge  Symposium  (7),  where  also  several  of  the  methods 
used  for  prediction  were  examined  in  detail  |3). 

The  first  objective  of  the  present  report  is  to  sum  up  the  work  of  the 
project,  as  initiated  in  I960  by  reporting  on  the  comparison  between  the 
different  theoretical  results  and  the  experimental  data.  Secondly,  as  it  was 
concluded  at  the  Cambridge  Symposium  that  not  all  of  the  aeroelastic  cases 
presented  in  the  first  report  |4l  are  of  interest  in  modern  turbomachines 
(there  were  also  too  many  for  them  to  serve  as  good  test  cases),  and  as  the 
participants  decided  to  continue  the  workshop  until  the  1987  Symposium, 
some  of  the  standard  configurations  and  aeroelastic  test  cases  have  been 
updated  This  is  also  true  for  the  nomenclature  which  has  been  slightly 
changed  to  accommodate  observations  and  remarks  by  the  participants  (see 
section  V  above). 
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The  third  objective  is  to  stimulate  critical  discussions  between  experimental 
and  theoretical  research  groups  through  the  report  (for  example  as  regards 
the  accuracy  of  experiments,  assumptions  in  theories)  in  the  hope  that  from 
these  discussions  new  ideas  will  emerge. 


3.  Method  of  Attack 

The  project  for  establishing  the  mutual  state-of-the-art  of  flutter  prediction 
models  and  experimental  investigations  was  dealt  with  in  three  parts. 

First  a  proposal  for  a  uniform  nomenclature  and  representing  format  was 
defined,  as  presented  in  section  4.  Secondly,  a  set  of  standard  configurations 
was  selected  (see  section  5)  upon  which,  thirdly,  the  theoretical  prediction 
models,  as  presented  in  section  6,  are  validated  (see  section  7). 


4.  Recommendations  for  Uniform  Presentation  of  the  Results 

The  physical  reasons  for  self-excited  blade  vibrations  in  turbomachines  are 
not  presently  understood  in  detail  Various  representations  of  experimental 
and  theoretical  results  are  thus  used  by  different  researchers.  The  number  of 
separate  reporting  formats  employed  may  be  very  large,  as  a  different 
importance  is  attached  to  the  various  results,  depending  upon  the  scope  of  the 
aeroelastic  investigation. 

However,  as  the  main  objective  for  both  experimental  and  theoretical 
aeroelastic  studies  is  to  provide  a  tool  for  the  designer  of  turbomachines  to 
minimize  blade  failures,  the  important  results  from  the  different 
investigations  should  be  standardized  so  they  can  be  easily  interpreted  by 
non-specialists  in  aeroelasticity. 

in  order  to  facilitate  comparisons  and  establish  the  mutual  validity  of  both 
theoretical  and  experimental  results,  a  certain  amount  of  information  must  be 
unified.  This  is  also  desirable  in  order  to  avoid  misinterpretation  of  some 
results. 

In  the  present  project,  a  minimum  number  of  requirements  have  been  defined. 
Both  the  nomenclature  and  the  presentation  formats  are  based  upon  references 
(8  -  14|,  especially  the  publication  by  Carta  [81  ((121)  Furthermore,they  have 
been  chosen,  as  similar  as  possible  to  the  presentation  previously  >sed  for 
the  experiments  serving  as  standard  configurations,  *his  to  avoid  excessive 
retreatment  of  the  data. 
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4.1  Steady  Two-Dimensional  Cascade  Nomenclature 

The  profiles  under  investigation  are  arranged  in  a  two-dimensional  section  of 
the  cascade  as  in  Fig.  4  1-1  In  this  figure,  all  the  physical  lengths  are  scaled 
with  the  chordlength  *c" 

It  is  important  to  note  here  that  the  chord  is  defined  as  the  straight  line 
between  the  intersections  of  the  camber  line  and  the  profile  surface,  and  that 
the  x-coordinate  is  aligned  with  the  chord. 

The  incidence  angle,  i,  is  defined  in  the  way  mostly  used  in  theoretical 
investigations,  i.e.  between  the  inlet  flow  direction  and  the  camber  line  It  is 
positive  for  increased  static  load. 

Throughout  this  report,  extensive  use  will  be  made  of  the  time  averaged  blade 
surface  pressure  coefficient,  which  will  be  defined  as 

CP(X)  =  IP-P-J/IPv-oo-P-oo]  (!) 


Fig.  4.1-1.  Steady  two-dimensional  cascade  geometry 


/ 
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4.2  Unsteady  Two-Dimensional  Cascade  Nomenclature 
I:  Blade  Motion 

Fig.  4.2-1  is  a  schematic  representation  of  cascaded  two-dimensional 
airfoils;  the  form  of  the  profiles  is  considered  to  remain  rigidly  fixed  during 
bending  and/or  pitching  oscillations,  h(x,y,t)  and  «(t)  resp.,  in  which  the 
components  h*,  hy  and  a  of  the  motion  vectors  h  and  «  are  noted  in  real  form 
and  0a(m)  accounts  for  phase  differences  between  translation  and  rotation 
We  will  therefore  define 

hm(x,y,t)  =  hm(x,y)eHw(mMeh  (for  bending  motion) 

(2) 

am(t)  =  am(x,y)e'<w(mW  (for  pitching  motion) 

where  h^),  «(m)  are  the  dimensionless  amplitudes,  and  o»(m>  the  circular 
frequency,  of  the  vibration  of  the  blade  (m). 

It  is  also  assumed  that  the  torsional  motion,  for  the  (m)th  blade,  preceeds  the 
bending  motion  by  a  phase  angle  80(m).  Furthermore,  if  the  amplitude,  circular 
frequency  or  phase  lead  is  identical  for  all  blades,  the  superscript  (m>  will  be 
omitted  on  the  corresponding  symbol. 


Fig.  4.2-1.  Unsteady  two-dimensional  cascade  nomenclature 


t 
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II:  Two-Dimensional  Aerodynamic  Coefficients 


The  unsteady  (complex)  blade  surface  pressure  coefficient  6p(x,  t),  as  well  as 
the  lift  6j(t),  force  Cf(t)  (cj,(t),  £<(t»  and  moment  6m(t)  coefficients  (per  unit 
span),  are  scaled  with  the  amplitude  of  the  corresponding  motion  (amplitude 
=’A',  where  A=h(m>  or  «(">)).  According  to  the  conventional  definitions  of 
these  parameters,  we  thus  have: 


cPAB(x,t)  =  (flB(x,t>l  /  {A  fPv.oo-p.oo)} 

(3) 

cw(t)  :  {fp(x,t)-(en  eMJ  ds}  /  (A  •[&,_«,-{>_<»]} 

=  Ifo^fepAWx.O-ep^fx.tndx 


(4) 


efACt)  =  {(P(x,t)  len  efl  ds)  /  (Alp^-p.J)  (5) 

cmA(t)  =  (|[R«  x  t0(x,t)  ds  e„l)  /  (Alpy.^-p.  J)  \  (6) 


where 

-  p(x,t)  is  the  unsteady  perturbation  pressure 

-  the  force  cj,  is  defined  in  the  direction  of  bending  vibration  eh  (see  Fig.  4  2- 
I) 

-  "lift"  coefficient  is  defined  normal  to  chord 

-  force  components  are  positive  when  acting  in  positive  coordinate  direc¬ 
tions 

-  moment  coefficient  (£m)  is  positive  when  acting  in  the  clockwise  direction 

-  superscript  (B)  denotes  the  lower  blade  surface  (Is)  or  upper  blade  surface 

(us) 

Furthermore,  the  overall  (=time-averaged  ♦  time-dependent)  blade  surface 
pressure  coefficient  is  defined  as 

cp,global  -  Cp  ♦  A  Cp  =  ((p+pJ-p.oo)  /  lPy-oo'P-«ol 

A  further  important  quantity,  for  slender  blades,  is  the  normalized  unsteady 
pressure  difference  along  the  blade  chord,  a£p(x,  t). 

This  is  defined  as  the  difference  of  the  time  dependent  pressures  on  the 
lower  and  upper  blade  surfaces: 
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ACp(X.t)  =  cpl»(x,t)  -cpu*(x,t)  (8) 

Obviously,  this  definition  is  justified  only  for  very  thin  blades 

All  of  the  above  mentioned  variables  can  be  expressed  either  in  complex 

exponential  form  or  in  component  form  as,  if  a  harmonic  response  is  assumed: 

cp(x,t)  =  cp(x)e'{w,+*p(x)  =  {cp(x)e»*p<x>}  .  e«* 

=  CpCfxje**1  =  (cpRc(x)  -  cp,C(x)}  •  ewt  (9) 

Here,  the  subscripts  "R"  and  T  denote  the  real  and  imaginary  parts  of  the 
complex  pressure  coefficient  cpc(x).  Physically,  these  two  parts  can  be 
interpreted  as  the  components  of  the  pressure  coefficient  which  are  in-phase 
(real  part)  and  out-of-phase  (imaginary  part)  with  the  blade  motion. 
Furthermore,  the  phase  angles  ♦p(x),  tAp(x),  ♦),  *f,  are  all  defined  as 

positive  when  the  pressure  (pressure  difference,  lift,  force  or  moment,  resp.) 
leads  the  motion 

The  amplitude  and  phase  relationships  in  Eq.  (9)  are  defined  in  the  usual  way, 

i.e.: 


Cp(x)  = 

{CpRC(x)**cp,c(x)*>°-5 

*p(x) 

tan-'{cp|C(x)/cpRC(x)} 

cpRC(x) 

cp(x)-cos{*p(x)} 

cp,C(x) 

cp(x)sin{»p(x)} 

It  should  be  noted 

here  that,  in  computing 

00) 


distribution,  only  components,  and  not  amplitudes  or  phase  angles  may  be 
differentiated  (81.  Therefore 


AcpRc(x) 

ACp,C(x) 

ACp(x) 

♦ip(X> 


X 

X 


CpRC(1*>(x)-CpRC(us)(x) 

Cp|C<,s>(x)-Cp|C<U»>(x) 

Cp<'»)(x)-Cp(«)(x) 

♦p<»8>(x)-*p<«*>(x) 


(11) 
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III:  Two-Dimensional  Aerodynamic  Work 

The  two-dimensional  differential  work,  per  unit,  span,  done  on  a  rigid  system 
by  the  aerodynamic  forces  and  moments  is  conventionally  expressed  by  the 
product  of  the  real  parts  (in  phase  with  motion  components)  of  force  and 
differential  translation,  as  well  as  moment  and  differential  torsion.  Thus,  the 
total  aerodynamic  work  coefficient,  per  period  of  oscillation,  done  on  the 
system  is  obtained  by  computing 

Cv  =  02) 

Expressed  in  this  way,  the  aerodynamic  work  coefficients  Cy,  Cyh,  Cy^Cy^, 
Cyht,  are  all  in  nondimensionalized  form,  with  the  product  of  the  pressure 
difference  (Py.*,-  P-<x>)  and  chord3  as  a  normalizing  factor. 

From  the  definition  (Eq.  12  and  13)  it  is  seen  that  these  coefficients  become 
negative  for  a  stable  motion. 

As  the  force  and  moment  coefficients  each  have  time-dependent  parts  from 
both  the  bending  and  pitching  oscillations,  Cyh  is  defined  as  the  work  done  on 
the  profile  during  a  pure  bending  cycle  (no  torsion).  Similarly,  CyK  is  the 
work  done  on  the  blade  during  a  pure  pitching  cycle  (no  bending),  CyKh  and 
Cyhj,  is  the  work  done  by  the  pitching  force  due  to  bending  and  by  the  bending 
moment  due  to  pitching,  respectively. 

Thus,  the  work  coefficients  can  be  expressed  in  conventional  form  as 


Cyh  = 

jRe{hch(t)}-Re{dh(x,y,t)} 

Cya  = 

jRe{«'Cmo,(t)}-Re{da(t)} 

(13) 

Cvha  ' 

jRe{hcmh(t)}-Re{d«(t)} 

Cyah  ~ 

fRe{a-cha(t)}-Re{dh(x,y,t)} 

In  the  case  of  pure  sinusoidal  normal -to-chord  bending,  or  pure  sinusoidal 
torsional  vibration,  as  well  as  sinusoidal  lift  and  moment  responses,  respec¬ 
tively,  the  expressions  (13)  can  be  integrated  to  give  the  following  simple 
formulas4  (Appendix  A I): 


4  More  generally,  for  pure  bending  vibration  in  the  e^  direction,  the  aero¬ 
dynamic  work  coefficient  becomes.  Cyn=irh2eh|=irh2ehsin*h 
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^Vf>  ~ 

irh2-im{C|,}  =  irh2-Cf,-sin{*h) 

= 

ir«2'lm{cm)  =  #«2>cmsin(*m} 

(14) 

Cvha  = 

0 

Cvah  = 

0. 

It  can  thus  be  seen  that  the  aerodynamic  work  depends  only  on  the  value  of 
the  out-of-phase  component  of  the  lift  and  moment  coefficients,  and  that  the 
airfoil  damps  the  motion  when  the  imaginary  part  of  the  lift  or  moment 
coefficient,  resp.  is  negative. 

The  aerodynamic  work  can  be  expressed  in  normalized  form  as  the  aerody¬ 
namic  damping  parameter  a  (8!.  With  the  same  assumptions  as  in  Eq.  (14),  this 
parameter  is  defined  as 

5h  =  -Cyh/iTh2  =  -lm{ch)  (15) 

5«  =  -Cy  «/*«*  =  -lm{cj 

The  normalized  parameter  a  is  thus  positive  for  a  stable  motion. 
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4.3  Precise  Reporting  Formats 

One  of  the  main  problems  which  arose  in  comparing  experimental  and 
theoretical  aeroelastic  investigations  at  the  1980  "Symposium  on 
Aeroelasticity  in  Turbomachines"  was  the  lack  of  coherency  in  the  reporting 
formats;  the  researchers  participating  in  the  present  project  were  therefore 
invited  to  follow  certain  guidelines  for  a  standardized  reporting  format,  given 
in  this  section. 

Two  main  groups  of  representation  are  employed: 

I:  The  first  is  for  the  detailed  comparison  of  measured  and 

calculated  blade  pressure  distributions. 

II  The  second  is  directed  towards  the  physical  mechanism 

of  the  flutter  phenomena  and  its  important  parameters  and  towards 
the  establishment  of  flutter  boundaries  for  the  different  cascades. 

It  is  evident  that  all  participants  are  encouraged  to  use  any  further  repor¬ 
ting  formats  to  establish  other  comparisons,  or  to  emphasize  any  special 
point  of  interest  in  their  investigations. 

I:  Detailed  comparison  of  experimental  results  and  theoretical 

approaches 

The  validity  of  theoretical  results  can  be  established  only  by  mutual 
agreement  between  the  measured  and  calculated  unsteady  pressure 
distributions  on  both  blade  surfaces.  This  detailed  comparison  is  made  on  the 
basis  of  Figure  4  3-1  which  is  presented  for  different  combinations  of 

•  interblade  phase  angle 

•  reduced  frequency 

«  inlet  conditions 

•  cascade  geometry 

depending  upon  the  existing  experimental  data  for  the  configuration  being 
investigated. 

Quite  a  few  prediction  models  for  flutter  or  forced  vibrations  are  based  upon 
small  perturbation  theories,  where  the  steady  pressure  distribution  on  the 
blade  is  an  input  data.  The  experimentally  determined  time-averaged  blade 
surface  pressure  distributions  are  therefore  specified  for  such  studies,  either 
as  a  pressure  coefficient  (Fig  4  3-2a)  or  an  isentropic  Mach  number  (Fig.  4.3- 
2b) 
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Ftg.  4.3-1  to  4.3-3.  Proposed  presentation  format  of  the  results 
from  the  standard  configurations. 
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The  comparison  between  the  experimental  and  calculated  time-averaged 
results  also  gives  the  first  indications  of  eventual  discrepancies  in  the 
boundary  conditions  between  the  experimental  and  theoretical  set-up. 

Moreover  the  comparison  between  the  steady  (Fig  4.3-2)  and  unsteady  (Fig 
4.3-1)  blade  pressure  distributions  may  in  some  cases  give  a  quantitative 
notion  of  the  aeroelastic  phenomena  under  investigation  (instabilities  due  to 
stall,  choke,  shockwaves,  coupling  effects  between  the  steady  and  unsteady 
flow  fields...). 

The  distribution  of  the  blade  surface  pressure  difference  coefficient  along  the 
blade,  &£p(x),  indicates  the  presence  of  stable  and  unstable  zones  This 
information  is  thus  also  of  interest  for  slender  blades,  and  is  represented  as 
in  Figure  4  3-3. 


r 
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Fig.  4.3-4  to  4.3-5.  Proposed  presentation  format  of  the  results 
from  the  standard  configurations. 
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II.  Flutter  boundaries 

The  second  form  of  representation  concerns  the  values  of  the  resultant 
aerodynamic  blade  forces  and  moments,  as  well  as  the  aerodynamic  work  and 
damping  coefficients. 

Two  different  presentations  (see  Figures  4.3-4  and  4.3-5)  are  used  to 
elaborate  the  influence  of  several  important  parameters  on  the  flutter 
boundaries 

•  reduced  frequency 

•  interblade  phase  angle 

•  inlet  flow  velocity 

•  inlet  flow  angle 

•  outlet  flow  velocity 

•  cascade  geometry 

Firstly,  the  unsteady  blade  pressure  coefficients  should  be  integrated  to  yield 
the  aerodynamic  force,  or  lift,  and  moment  coefficients  as  in  Figure  4  3-4 
The  phase  angles  *f  and  resp.,  in  this  representation  give  immediate 
information  about  the  aeroelastlc  stability  of  the  system  (see  section  4.2) 
Secondly,  the  aerodynamic  work  and  damping  coefficients  per  cycle  of 
oscillation  may  be  calculated  if  the  mode-shape  of  the  motion  is  well- 
defined.  Most  of  the  problems  dealt  with  in  the  present  work  will  concern 
motion  of  nondeformed  profiles  (at  least  for  the  theoretical  predictions),  so 
the  aerodynamic  damping  coefficient  can  easily  be  computed  and  plotted. 
This  information  is  useful  to  the  turbomachine  designer  for  judging  the 
aeroelasttc  behavior  of  a  specific  cascade  (Figure  4.3-5) 
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4.4  Guidelines  for  Validation  of  Experimental  and  Theoretical 
Results 

It  is  often  found  that  experimentalists  and  theoreticians  do  not  always 
recognize  each  other's  major  difficulties  in  obtaining  aeroelastic  results. 
Under  some  circumstances  this  may  lead  to  wrong  conclusions,  for  example  if 
an  attempt  is  made  to  approximate  a  theoretical  result  to  experimental  data 
by  artificial  means,  without  first  carefully  investigate  the  experimental 
accuracy. 

This  section  aims  to  give  a  few  indications  about  some  of  the  important 
aspects  of  experiments  and  theories,  and  thus  to  eleiminate  some 
inaccuracies  in  the  evaluation  and  comparison  of  results. 

I:  Experiments 

In  the  case  of 

•  sinusoidal  blade  vibrations 

•  sinusoidal  pressure  response  (i.e.  no  flow  turbulence) 

•  identical  vibration  frequencies  for  all  blades 

•  constant  interblade  phase  angles 

•  in  bending  mode,  normal -to-chord  vibration 

the  experimental  data  are  expected  to  have  small  inaccuracies  from 
measurements  and  data  reduction.  The  formulas  for  lift,  moment,  etc 
coefficients,  as  given  in  section  4.2  can  then  be  integrated  to  produce 
equations  which  can  be  evaluated  in  a  straightforward  manner. 

However,  these  assumptions  cannot  be  fulfilled  in  all  experiments,  especially 
in  the  transonic  flow  region  at  realistic  reduced  frequencies. 

The  large  energy  input  needed  to  drive  a  cascade  with  prescribed  frequencies, 
amplitudes  and  phase  angles  makes  it  difficult  (or  virtually  impossible, 
depending  on  how  the  excitation  mechanism  is  constructed)  to  keep  these 
constant  for  all  blades,  apart  from  tests  with  low  frequencies  and/or  small 
amplitudes.  Even  in  this  case,  the  pressure  response  on  the  profiles  in  general 
will  not  be  sinusoidal,  due  to  unsteadiness  in  the  flow  from  sources  other 
than  the  vibrating  blades  (upstream,  downstream,  turbulence,  boundary  layer, 
shock  interactions,  separations,  perturbations,  etc.).  Furthermore,  the  smaller 
the  amplitude,  the  lower  the  signal/noise  ratio,  which  reduces  the  accuracy 
of  the  results. 


X 
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For  a  detailed  comparison  between  the  experimental  data  and  the  prediction 
model,  it  is  therefore  important  to  know  to  what  extent  the  theoretical 
assumptions  approximate  the  experiment. 

Blade  Vibration  Difficulties 

The  amplitude  of  the  blade  vibrations  during  experiments  with  controlled 
excitation  cannot  always  (depending  whether  mechanical  or  electromagnetic 
excitation  is  performed)  be  kept  constant,  either  in  time  or  between  the 
different  blades.  The  interblade  phase  angle  is  even  more  difficult  to  control 
accurately 

During  flutter,  indications  exist  that  the  mean  blade  vibration  frequency,  both 
in  rotating  machines  and  in  cascades  [18,  28],  is  fairly  constant  in  time  and 
between  the  separate  blades.  However,  the  blade  vibrations  do  show  a  certain 
amplitude  and  phase  modulation,  which  indicates  the  simultaneous  presence  of 
different  cascade  eigenmodes. 

During  experiments  with  controlled  excitation  in  the  bending  mode,  the 
experimental  set-up  is  usually  performed  so  as  to  simulate  the  bending 
direction  of  a  turbomachine  blade.  This  direction  is  mostly  not  normal-to- 
chord  or  in  the  circumferential  direction,  as  often  assumed  in  the 
calculations 

Although  most  experiments  should  simulate  single-degree-of  freedom 
vibrations,  the  modes  of  the  cascade  may  sometimes  be  coupled  The  blades  in 
experiments  can  usually  be  considered  as  rigid  bodies  but,  if  the  blades  are 
suspended  on  springs  and  vibrated  with  electromagnetic  excitation,  the 
instrumented  blades  may  have  eigenfrequencies  slightly  separate  from  the 
others.  The  mode  shapes  of  the  cascade  are  thus  somewhat  modified  due  to 
the  mistuning  introduced  by  the  instrumented  blades  [28] 

Instrumentation  and  Data  Reduction 

For  a  flutter  prediction  model  to  be  used  as  part  of  a  design  method  for  a 
turbomachine  it  should  accurately  predict  the  stability  margins  of  the 
machine.  Furthermore,  some  models  also  predict  local  flow  phenomena,  and  so 
a  validation  of  the  pressure  fluctuation  amplitudes  and  phase  angles  is  of 
interest  If  possible,  this  evaluation  should  be  the  final  test,  as  in  some 
cases  the  stability  limits  (if  zero  mechanical  is  assumed)  can  be  predicted 
accurately,  despite  disagreement  in  the  local  pressure  values 
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For  experimental  determination  of  the  detailed  unsteady  blade  surface 
pressure  distributions,  and  the  aerodynamic  coefficients,  high  frequency 
response  pressure  transducers  are  usually  mounted  on  one  blade  (or  two 
adjacent  ones)  As  it  is  not  always  possible  to  mount  these  transducers  in  the 
high  pressure  gradient  regions,  care  should  be  taken  to  report  how  the  time- 
dependent  aeroelastic  forces  and  moments  are  integrated  from  the  finite 
number  of  transducers5 

This  is  all  the  more  important  for  cascade  tests  in  the  transonic  flow  region 
as  two  other  problems  usually  arise  here  First  of  all,  the  blades  are  often 
thin  and  can  thus  accommodate  only  a  fairly  limited  number  of  transducers 
Secondly,  shock  waves  departing  from  or  impinging  upon  the  blade  surfaces 
may  significantly  influence  the  accuracy  of  the  local  pressure  response  on  the 
blade,  for  example  as  a  lower  signal  /noise  ratio 

If  these  shock  waves  are  correlated  with  the  blade  motion  they  are  part  of 
the  aeroelastic  flow  phenomenon  and  should  be  taken  into  account  in  the  data 
reduction  procedure.  If  they  are  not  correlated,  they  are  independent  of  the 
blade  vibration  and  contribute  marginally  to  the  aerodynamic  work  (Appendix 
Al).  They  should  thus  be  eliminated  during  the  data  reduction  procedure  [28] 
Several  data  reduction  methods  exist  for  aeroelastic  cascade  tests  Among 
these  the  three  most  widely  used  are. 

a:  Averaging  over  a  certain  number  of  vibration  cycles  (e  g  [36]) 

b:  Fourier  analyses  (e  g.  [8]) 

c:  Spectral  analyses  (e  g.  [27]) 

The  fundamental  consideration  of  these  methods  is  that,  although  the  pressure 
response  on  the  vibrating  blades  may  be  highly  non-harmonic,  it  is  only  the 
frequency  (or  frequencies  in  the  case  of  higher  harmonics)  of  the  pressure 
response  spectra  corresponding  to  the  blade  vibration  that  contributes  to  the 
aerodynamic  work  (see  Appendix  Al) 

a:  If  the  blade  vibration  frequency  is  known  (controlled  excitation)  the 

first  method  mentioned  above  is  often  used. 

Here  the  signals  are  sampled  at  a  multiple  of  the  blade  vibration  frequency. 
The  data  for  each  period  are  averaged,  thus  eliminating  random  fluctuations 
for  a  sufficiently  large  number  of  periods  averaged  'The  number  of  samples 


5  In  contrast  to  this  indirect  method,  it  is  also  possible  to  measure  the 
forces  directly  on  the  suspension  [34,  35]  If  both  the  indirect  and  direct 
methods  are  used  simultaneously,  information  about  the  data  accuracy  can  be 
obtained  [35], 
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per  vibration  cycle  determines  the  number  of  harmonics  that  can  be  resolved 
The  main  advantage  of  the  procedure  is  the  short  computing  time  needed. 

This  method  therefore  gives  directly,  and  in  most  cases  on-line,  information 
about  the  amplitude  and  phase  lead  of  the  unsteady  blade  pressure  response 
Details  about  this  testing  procedure  can  be  found  for  example  in  [36] 

b:  If  it  is  also  of  interest  to  retain  some  information  about  eventual 

higher  harmonics  in  the  pressure  spectra,  a  Fourier  analysis  is  often  used 
This  has  the  advantage  of  giving  detailed  information  about  the  accuracy  of 
the  independent  pressure  signals  Thus  can  be  helpful  in  analyzing  the  data 
since,  for  example  under  some  operating  conditions,  the  amplitudes  of  a 
higher  harmonic  may  approach  the  fundamental  It  can  also  give  valuable 
information  about  how  far  disturbances  propagate  away  from  one  specific 
blade. 

c  If  the  blade  vibration  frequency  is  not  controlled,  and  thus  not  known  a 
prion  (as  for  example  dunng  flutter  experiments),  it  is  not  possible  to  use 
the  averaging  procedure  as  above  In  such  a  case,  either  a  "auto-or  cross¬ 
correlation  approach“or  a  Fourier  analyses  is  often  used. 

If  the  correlation  model  is  used  the  amplitude  of  the  physical  quantities  can 
be  defined  as  the  root-mean-square  value  (RMS)  times  a  factor  2°5  (for 
example:  h  =  {2  .  J0Th2U)dt/T}°  5  =  {2)0.5  .  rms 

This  RMS-value  may  take  the  form  e  g.  of  the  output  of  a  narrow-band  filter 
applied  to  the  unsteady  pressure  signal,  centered  at  the  blade  oscillation 
frequency;  the  factor  205  is  introduced  to  equalize  the  RMS-amplitude  with 
the  full  amplitude  for  a  purely  sinusoidal  fluctuation,  to  compare  the  data 
with  theoretical  results. 

Information  about  the  quality  of  the  signal  (i.e.  signal/noise  ratio)  should  be 
given  if  possible  This  can  be  achieved  for  example  by  indicating  a  confidence 
interval  for  the  signals. 

This  confidence  interval  should  not  be  given  only  for  the  amplitudes  of  the 
time-dependent  data,  but  also  for  the  phase  angles  This  is  especially 
important  as  the  value  of  the  phase  angle  determines  the  stability  limits  of 
the  bladings,  and  since  it  has  been  found  in  the  present  study  that  some 
disagreement  between  the  analyses  and  the  experiments  can  be  found  in  the 
absolute  value  of  the  phase  angles 
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Error  Analuses 

Aeroelastic  experiments  mainly  include  two  kinds  of  error  sources  [28]: 
Measuring  equioment,  reliability  of  calibration 

Nature  of  the  signals:  The  data  reduction  procedure  cannot  entirely 
eliminate  the  effects  of  noise,  and  there  is  an  a  priori  uncertainty 
independent  of  the  data  acquisition  system.  This  uncertainty  may  be  different 
for  separate  transducers,  depending  on  the  local  signal/noise  ratio 
In  this  context  it  is  also  important  to  mention  that  such  phenomena  as  wind 
tunnel  disturbances  may  introduce  higher  harmonics  in  the  local  unsteady 
pressures  [15). 

As  already  mentioned,  indications  about  the  accuracy  of  the  results  should  be 
given  if  possible 

II:  Prediction  Models 

In  the  theoretical  computations,  several  assumptions  have  to  be  made  These 
normally  include,  among  others,  harmonic  blade  vibrations  and  constant 
interblade  phase  angles  (traveling  wave  formulation).  For  comparing  different 
theoretical  results,  and  for  the  mutual  validation  of  the  theories  and 
experiments,  these  assumptions  should  be  clearly  stated.  For  the  evaluation 
of  numerical  results,  it  is  also  of  great  interest  to  have  information  about 
the  treatment  of  the  far  field  boundaries  (reflective  or  radiative  boundary 
conditions)  and  grid  generation,  especially  in  the  leading  edge  and  shock 
regions 

III:  Conclusions 

From  the  above  it  is  evident  that  the  data  reduction  procedure  used  should  be 
clearly  stated,  and  that  a  detailed  error  analyses  should,  if  possible, 
accompany  the  experimental  data.  This  is  especially  important  when  the 
prediction  models,  as  is  presently  the  case  for  certain  configurations  (see 
section  7),  can  accurately  predict  the  aeroelastic  response  of  a  cascade,  as 
eventual  discrepancies  between  experimental  and  theoretical  results  may  then 
be  explained. 

A  detailed  description  of  major  assumptions  should  accompany  theoretical 
results 
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It  is  also  important  to  perform  experimental  and  theoretical  investigations 
simultaneously.  This  may  help  to  put  into  evidence,  in  the  early  stages  of  a 
project,  eventual  inaccuracies  in  the  experimental  or  theoretical  procedure. 
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5.  Standard  Configurations 

On  the  basis  of  existing  test  facilities  in  the  participating  laboratories,  and 
with  relation  to  the  state-of-the-art  of  theoretical  methods,  nine  standard 
configurations6  for  establishing  the  mutual  validity  of  two-dimensional  and 
quasi  three-dimensional  aeroelastic  cascade  experiments  and  prediction 
models  have  been  selected.  The  configurations  should  approximate  idealized 
flows,  therefore  stall  effects  have  been  excluded,  except  as  extensions  of 
unstalled  experiments. 

In  order  to  guarantee  a  correct  validation  of  the  theoretical  models,  the 
quality  of  the  experimental  results  must  also  be  verified.  If  possible,  two 
similar  experimental  cascade  geometries  have  therefore  been  identified  as 
standard  configurations  for  each  of  the  following  flow  regimes: 

•  low  subsonic  (=  incompressible) 

•  subsonic 

•  transonic 

•  supersonic 

Of  the  nine  standard  configurations,  which  are  summarized  in  Table  5-1, 
seven  are  based  on  experimental  cascade  results;  the  eighth  is  directed 
towards  the  establishment  of  validity  for  prediction  models  in  the  limiting 
case  of  flat  plates  and  for  comparison  of  the  large  number  of  existing  flat 
plate  theories.  The  final  configuration  (ninth)  is  defined  so  as  to  investigate 
blade  thickness  effects  on  the  aeroelastic  behaviour  of  the  cascade,  and  on 
the  theoretical  results,  especially  at  high  subsonic  flow  velocities. 

Each  of  the  standard  configurations  selected  allows  for  a  systematic  varia¬ 
tion  of  one  or  several  aerodynamic  and/or  aeroelastic  parameters.  However, 
too  large  a  number  of  aeroelastic  cases  in  each  standard  configuration  would 
limit  the  usefulness  in  this  report  in  providing  comparisons  for 
experimentalists  and  analysts  working  independently  of  each  other 
For  this  reason,  a  restricted  number  of  aeroelastic  configurations  for  each 
test  case,  based  upon  available  experimental  data,  has  been  chosen 


6  Throughout  this  report,  'standard  configuration"  will  designate  a 
cascade  geometry  and  'aeroelastic  case’  or  'aeroelastic  test  case’  will 
Indicate  the  different  time  dependent  (and,  in  some  cases,  time  averaged) 
conditions  within  a  standard  configuration. 
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for  priority  analyses,  giving  a  total  of  1 3 1  test  cases  (a  larger  number  was 
defined  in  the  first  report  (4,  7)).  This  number  still  seems  to  be  rather  large, 
but  it  concerns  configurations  over  the  whole  velocity  domain  from 
incompressible  to  supersonic  flow  velocities.  It  is  therefore  not  likely  that 
any  participant  will  calculate  more  than  a  limited  number  of  these  cases. 
Furthermore,  some  of  the  standard  configurations,  especially  those  with 
fairly  thick  blades  and  large  deviations,  probably  do  not  correspond  with  the 
present  state-of-the-art  of  aeroelasticity.  If  this  is  so,  they  may  instead 
serve  as  a  base  for  future  developments. 

Configurations  1  and  2  (see  Table  5-1)  treat  thin  cascaded  airfoils  of  rather 
low  camber  in  the  low  subsonic  velocity  domain.  The  blades  oscillate  in  the 
torsion  mode  with  a  relatively  low  frequency. 

Standard  configurations  3  and  4  concern  modem  high  turning  turbine  rotor  hub 
sections;  they  have  therefore  relatively  thick  blades,  with  subsonic  inlet  and 
subsonic  or  supersonic  outlet  conditions.  In  both  configurations,  the  blade 
vibration  frequencies  correspond  to  the  ones  found  in  the  actual 
turbomachine-blade. 

Configuration  6  concerns  low  turning  transonic  turbine  rotor  tip  sections  with 
relatively  thin  blades  with  high  stagger  angle.  The  inlet  condition  is  subsonic, 
with  subsonic,  transonic  or  supersonic  outlet  conditions. 

Configurations  5  and  7  treat  tip  sections  of  fan  stages  in  modem  jet-engines 
and  thus  have  rather  thin  profiles.  The  inlet  flow  conditions  in  configuration 
5  are  subsonic,  with  incidence  ranging  from  attached  to  stalled  flow 
conditions  on  the  blades.  In  configuration  7,  the  inlet  conditions  are 
supersonic  followed,  in  most  cases,  by  strong  in-passage  shock  waves. 

The  profiles  in  configurations  3-7  correspond  to  sections  of  actual  turbo¬ 
machine-bladings.  Both  linear  (configurations  1,  2,  5  and  7)  and  annular 
(configurations  3,  4  and  6)  cascade  test  facilities  are  used. 

The  last  two  standard  configurations  (8  and  9)  are  of  theoretical  nature 
mainly.  They  are  included  to  validate  numerical  methods  against  each  other, 
especially  in  the  high  subsonic  velocity  domain,  and  to  look  into  some 
physical  aspects  of  the  flutter  phenomena.  However,  experimental  results  for 
symmetric  Double  Circular  Arc  cascades  have  recently  become  available  and 
should,  in  the  future,  included  herein  as  a  base  for  discussion. 
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6.  Introduction  to  the  Prediction  Models 

Several  prediction  models  were  applied  to  the  standard  configurations.  In  the 
beginning  of  the  project,  19  methods  were  offered  as  a  Dasis  for  comparison 
Finally,  15  methodologies  have  been  employed  up  till  now 
Table  6.1  identifies  the  separate  models  in  relationship  with  the  predictions 
performed  on  the  different  standard  configurations 


Method 

N° 

Name/Affiliation 

Standard  Configu¬ 
rations  Computed 

1 

0.  S.  Whitehead/ 

Cambridge  University, 
Cambridge,  UK 

1-  2,  5,  8 

2 

D.  S.  Whitehead/ 

Cambridge  University, 
Cambridge,  UK 

5,  8,  9 

3 

J  M .  Verdon/ 

United  Technologies 

Research  Center, 

East  Hartford,  USA 

1,5,  8,9 

4 

M  Atassi/ 

University  of  Notre  Dame, 

USA 

1 

5 

P  Salaun/  Office  National 

d 'Etudes  et  de  la  Recherche 
Aerospatiale,  Paris,  France 

1,7,8 

6 

S  Zhou/  Beijing 

Institute  of  Aeronautics 

and  Astronautics,  China 

.  1,2,5 

7 

S  G  Newton,  P.  D  Cedar/ 

Rolls  Royce  Ltd,  Derby,  UK 

1,  4,  7,  8 

Table  6.1  Continued  on  next  page 
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Table 


8 

V  Carstens/  DFVLR-AVA, 

Gottingen,  Germany 

1 

Q 

F  Molls/  NASA  Lewis 

Research  Center,  Cleveland, 

USA 

8 

10 

S.  Kaji/  University  of  Tokyo, 

Japan 

4,6 

1 1 

0.0.  Bendiksen/  Princeton 
University,  USA 

8 

12 

T.  Araki/  Toshiba  Corporation, 

Japan 

- 

13 

K  Vogeler/  Techmsche  Hochschuie 
Aachen,  Germany 

- 

14 

J.  M  R  Graham/  imperial  College, 
London,  UK 

1 

15 

S  Stecco/  University  of  Florence, 
Italy 

6  (Presently,  steady 
state) 

16 

D.  Nixon/  Nielsen  Engineering  and 
Research,  Inc.,  Califoma,  USA 

- 

17 

P.  Niskode/  General  Electric, 
Cincinatti,  USA 

- 

18 

H  Joubert/  SNECMA, 

Moisy  Cramayel,  France 

7 

19 

6.1: 

M  Namba/  Kushuy  University, 

Japan 

Aeroelastic  Prediction  Models 

6,8 
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Method  1:  LINSUB  (Courtesu  of  D  S  Whitehead) 

The  program  calculates  the  unsteady  two-dimensional  linearized  subsonic 
flow  in  cascades  in  travelling  wave  formulation,  using  the  theory  published  in 
(501  The  blades  are  assumed  to  be  flat  plates  operating  at  zero  incidence. 

Both  the  pressure  jump  and  lift  and  moment  coefficients  are  computed  for 
different  options: 

•  Translational  vibration  of  the  blades  normal  to  their  chord. 

•  Torsional  vibration  of  the  blades  about  the  origin  at  the  leading  edge. 

•  Sinusoidal  wakes  shed  from  some  obstructions  upstream,  which  move 
relative  to  the  cascade  in  question. 

•  incoming  acoustic  waves,  coming  from  downstream. 

•  Incoming  acoustic  waves,  coming  from  upstream. 

Furthermore,  the  condition  of  acoustic  resonance  is  calculated. 


Method  2:  Finite  Element  Method  (FINSL1P)  (Courtesy  of  D.  S.  Whitehead) 

As  an  example  of  a  numerical  field  method,  a  computer  program  called  FINSUP 
will  be  briefly  described.  The  program  has  three  sections:  mesh  generation, 
analysis  of  steady  flow,  and  analysis  of  unsteady  flow.  The  mesh  generation 
and  analysis  of  steady  flow  have  been  described  by  Whitehead  and  Newton 
(1985)  [431.  The  analysis  of  unsteady  flow  has  been  described  by  Whitehead 
(1982)  (441. 

A  typical  mesh  is  composed  of  triangular  finite  elements  covering  a  strip,  one 
blade  spacing  high,  with  the  blade  in  the  middle  The  fluid  is  assumed  to  be  a 
perfect  gas  with  no  viscosity  or  thermal  conductivity,  and  the  flow  is 
assumed  to  be  adiabatic,  reversible  and  irrotational,  so  the  equations  are 
those  for  a  velocity  potential.  The  potential  is  continuous,  except  for  a  jump 
across  the  wake  In  order  to  calculate  in  regions  of  supersonic  flow  it  is 
necessary  to  use  'upwind'  densities;  that  means  that  instead  of  taking  the 
density  at  the  element  under  consideration,  the  density  is  taken  from  the 
neighbouring  element  in  the  most  nearly  upwind  direction.  This  device 
stabilizes  the  compution  in  supersonic  flow,  but  is  unnecessary  in  subsonic 
flow  Weak  shock  waves  are  well  simulated,  but  are  'potential'  since  there  is 
no  entropy  increase  across  the  shock,  and  they  are  smeared  over  a  few 
elements.  The  flow  is  matched  to  a  linearized  solution  at  the  inlet  and  outlet 
faces  of  the  computational  domain,  and  is  arranged  to  repeat  between 
corresponding  points  on  the  top  and  bottom  faces.  The  conditions  specified  to 
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the  program  arp  effectively  (he  inlet  circumferential  velocity  and  the  jump  in 
potential  between  the  bottom  left  and  the  bottom  right  corners  of  the  domain 
This  choice  of  input  conditions  uniquely  specifies  the  location  of  a  shock  in  a 
cascade  of  flat  plates  at  zero  incidence,  which  no  specification  of  flow 
conditions  at  either  inlet  or  outlet  can  achieve  The  non-linear  equations  are 
then  solved  by  the  Newton-Raphson  technique  Convergence  is  usually  achieved 
in  three  or  four  iterations,  although  up  to  about  twelve  may  be  necessary  in 
difficult  cases  with  supersonic  inlet  velocities.  The  nodes  are  numbered  in 
such  a  way  as  to  minimize  the  bandwidth  of  the  dividing  matrix  at  each 
iteration,  so  the  method  is  fast.  Good  agreement  with  other  methods  of 
calculating  steady  transonic  cascade  flow  in  cascades  has  been  demonstrated. 
The  program  then  goes  on  to  the  third  stage  in  which  small  unsteady 
perturbations  of  the  steady  flow  due  to  vibration  of  the  blades  is  analysed 
Solid  body  motion  of  the  blades  is  assumed,  either  in  bending  or  torsion.  The 
unsteady  calculation  is  therefore  similar  to  one  more  iteration  of  the  steady 
calculation,  except  that  the  potential  perturbation  is  complex,  and  the 
boundary  conditions  are  different.  Again  the  flow  at  the  inlet  and  exit  faces 
is  matched  to  3  linearized  solution,  which  includes  propagating  or  decaying 
acoustic  waves  and  in  the  downstream  flow  the  effect  of  the  unsteady  wake 
shed  from  the  trailing  edge  The  repeat  condition  between  corresponding 
points  on  the  top  and  bottom  surfaces  is  arranged  to  give  the  required  phase 
difference  between  neighbouring  blades  It  is  again  necesary  to  use  upwind 
densities  in  regions  of  supersonic  flow  in  order  to  stabilize  the  calculation  A 
difficulty  arises  due  to  the  term 


(rAv)-n  (M2  1) 

for  the  boundary  condition  a*,  the  blade  surface  A  modified  perturbation 
potential  is  defined  by 

0"  s  0+rV#  (M2  2) 

where  r  is  given  by 

r  =  fi+axft  (M2.3) 

and  this  equation  is  now  extended  over  the  whole  domain  of  calculation,  and 
not  Just  at  the  blade  surface.  This  device  gets  rid  of  the  awkward  term  in  the 
boundary  condition  at  the  blade  surface,  and  also  eliminates  a  similar 
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awkward  term  in  the  calculation  of  the  pressure  perturbation  at  the  surface 
The  unsteady  pressure  perturbations  at  the  surface  are  then  integrated  to  give 
the  axial  and  circumferential  blade  forces  and  the  moment. 


Method  3:  Linearized  Unsteadu  Aerodunamic  Analudes  (Courtesu  of  J.  M. 
Verdon) 

The  isentropic  and  irrotational  flow  of  a  perfect  gas  through  a  two- 
dimensional  cascade  of  vibrating  airfoils  is  considered  The  blades  are 
undergoing  identical  harmonic  motions  at  frequency  o,  but  with  a  constant 
phase  angle  t  between  the  motions  of  adjacent  blades.  It  is  assumed  that  the 
flow  remains  attached  to  the  blade  surfaces  and  that  the  blade  motion  is  the 
only  source  of  unsteady  excitation. 

The  flow  through  the  cascade  is  thus  governed  by  the  field  equations,  written 
in  form  of  the  time-dependent  velocity  potential  [5].  In  addition  to  the  field 
equations,  the  flow  must  be  tangential  to  the  moving  blade  surfaces  and 
acoustic  waves  must  either  attenuate  or  propagate  away  from  or  parallel  to 
the  blade  row  in  the  far  field.  Finally,  we  also  require  that  the  mass  and 
tangential  momentum  be  conserved  across  shocks  and  that  pressure  and  the 
normal  component  of  the  fluid  velocity  be  continuous  across  the  vortex-sheet 
unsteady  wakes  which  eminate  from  the  blade  trailing  edges  and  extend 
downstream. 

In  order  to  limit  the  computing  resources  required  to  solve  the  equation 
system,  a  small-unsteady-disturbance  assumption  is  involved  Thus,  the 
blades  are  assumed  to  undergo  small-amplitude  unsteady  motions  around  an 
otherwise  steady  flow.  The  resulting  first-order  or  linearized  unsteady  flow 
equation  is  solved  subject  to  both  boundary  conditions  at  the  mean  positions 
of  the  blade,  shock  and  wake  surfaces  and  requirements  on  the  behavior  of  the 
unsteady  disturbances  far  upstream  and  downstream  from  the  blade  row 
Moreover,  because  of  the  cascade  geometry  and  the  assumed  form  of  the  blade 
motion,  the  steady  and  linearized  unsteady  flows  must  exhibit  blade-to-blade 
periodicity  Thus,  the  numerical  resolution  of  the  steady  and  the  linearized 
unsteady  flow  equations  can  be  restricted  to  a  single  extended  blade-passage 
region  of  the  cascade. 
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Method  4:  Aerodynamic  Theoru  for  Two-Dimenstonal  Unsteady  Cascades  of 
Oscillating  Airfoils  in  Incompressible  Flows  (Courtesu  of  H  Atassi) 

A  complete  first  order  theory  is  developed  for  the  analysis  of  oscillating 
airfoils  in  cascade  in  a  uniform  upstream  flow  The  flow  is  assumed  to  be 
incompressible  and  irrotational.  The  geometry  of  the  airfoil  is  arbitrary.  The 
angle  of  attack  of  the  mean  flow  and  the  stagger  and  solidity  of  the  cascade 
can  assume  any  prescribed  set  of  values.  The  airfoils  have  a  small  harmonic 
oscillation  about  their  mean  position  with  a  constant  interblade  phase  angle 
Both  translational  and  rotational  oscillations  are  considered. 

The  boundary-value  problem  for  the  unsteady  component  of  the  velocity  is 
formulated  in  terms  of  sectionally  analytic  functions  which  must  satisfy  the 
impermeability  condition  along  the  airfoils  surfaces,  the  Kutta  condition  at 
the  trailing  edges  of  the  airfoils,  and  the  jump  condition  along  the  airfoils 
wakes  The  expression  for  the  velocity  jump  in  the  wakes  is  derived  to  a 
multiplicative  constant  from  the  condition  of  pressure  continuity  across  the 
wakes  The  velocity  field  is  split  into  two  components  one  satisfying  the 
oscillating  motion  along  the  airfoils  surfaces  and  the  other  accounts  for  a 
normalized  jump  conditions  along  the  wakes.  This  leads  to  two  singular 
integral  equations  in  the  complex  plane  The  two  equations  are  coupled  by 
Kelvin  s  theorem  of  conservation  of  the  circulation  around  the  airfoils  and 
their  wakes.  The  integral  equations  are  solved  by  a  collocation  technique 
The  results  obtained  from  this  theory  show  that  the  airfoil  geometry  and 
loading  and  the  cascade  stagger  and  solidity  strongly  affect  the  aerodynamic 
forces  and  moments  acting  upon  oscillating  cascades  As  a  result  stability 
and  flutter  boundaries  are  significantly  modified  for  highly  loaded  cascades 


Method  5:  (Courtesu  of  P  Salaiin) 

The  two-dimensional  cascade  is  an  infinite  array  of  thin  blades. 

The  fluid  is  an  inviscid  perfect  gas  and  the  flow  is  assumed  to  be  irrotational 
and  isentropic 

The  blades  are  performing  harmonic  motions  of  so  small  amplitude  that  the 
theory  can  be  linearized  about  the  undisturbed,  uniform  flow. 

The  supersonic  theory  is  restricted  to  the  case  of  subsonic  leading  edge 
locus 
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The  pressure  difference  between  the  two  sides  of  the  blades  are  taken  into 
account  when  they  are  replaced  by  sheets  of  pressure  dipoles  in  both  subsonic 
and  supersonic  flow. 

Then,  the  perturbation  velocity  potential  is  expressed  and  the  boundary 
conditions  on  the  blades  give  an  integral  equation  where  the  unknown  is  the 
pressure  difference  on  the  reference  blade,  and  the  right  hand  side  the  angle 
of  attack. 

This  integral  equation  is  solved  numerically. 


Method  6:  Zhou  Sheno 

A  finite  difference  method  is  used  to  solve  the  unsteady  velocity  potential 
equation.  The  velocity  potential  is  split  into  one  steady  and  one  unsteady 
part,  and  the  unsteady  small  perturbation  is  solved  with  a  relaxation 
procedure. 


Method  7:  Extended  FINSUP  (Courtesy  of  R.  D.  Cedar) 

The  flutter  calculation  used  at  Rolls  Royce  is  an  extension  of  the  finite 
element  method  developed  by  D.  S.  Whitehead  (Method  2).  Since  the  programs 
introduction  to  Rolls  Royce  in  1981  it  has  been  continually  developed  and 
evaluated  (431.  The  finite  element  mesh  generator  has  been  fully  automated  to 
the  extent  that  it  now  contains  "rules*  about  how  good  a  mesh  is  Using  these 
"rules'  the  mesh  construction  parameters  are  automatically  changed  until  a 
satisfactory  mesh  is  obtained. 

The  steady  flow  calculation  has  been  extended  from  being  purely  two- 
dimensional  to  include  the  quasi -three-dimensional  effects  of  blade  rotation 
and  variations  of  streamtube  height  and  streamline  radius  (511.  This  has 
allowed  the  program  to  be  included  in  the  quasi -three-dimensional  design 
system  used  at  Rolls  Royce  152].  Improvements  to  the  upwinding  scheme  has 
been  made  that  produce  sharp  shocks.  A  coupled  boundary  layer  calculation 
(using  both  direct  and  semi-inverse  coupling)  has  been  developped  (531  as  well 
as  a  design  or  inverse  calculation  (541.  This  allows  transonic  blades  to  be 
designed,  including  the  removal  of  shocks,  to  give  a  controlled  diffusions. 

The  unsteady  flow  calculation  has  been  extended  to  include  the  quasi-three- 
dimensional  effects.  It  has  been  found  that  it  is  essential  to  include  the 
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effect  nf  variation  in  streamtuhe  heignt  if  test  data  is  to  tie  predicted 
correctly 


Method  6:  Theoretical  Flutter  investigation  on  a  Cascade  in  Incompressible 
Flow  (Courtesu  of  V.  Carstens) 

1 .  Calculation  of  unsteadu  aerodunamic  coefficients 

The  calculation  of  the  unsteady  aerodynamic  coefficients  due  to  harmonic 
bending  and  torsion  of  the  cascade's  blades  is  based  on  an  integral  equation 
technique.  The  main  idea  of  this  technique  is  to  replace  each  blade's  surface 
and  its  wake  by  a  distribution  of  vorticity.  The  kinematic  boundary  condition 
and  the  law  of  vorticity  transport  allow  the  formulation  of  the  flow  problem 
as  an  integral  equation,  the  solution  of  which  yields  the  correct  value  of  the 
unknown  unsteady  blade  vorticity 

Two  important  items  in  the  formulation  of  the  problem  should  be  mentioned 

1)  The  prescribed  harmonic  motion  of  the  entire  cascade  unit  is  a 
fundamental  mode,  in  which  all  blades  perform  oscillations  with  the  same 
amplitude  but  with  a  constant  phase  lag  from  blade  to  blade  (interblade  phase 
angle) 

2)  The  influence  of  the  steady  flow  on  the  unsteady  quantities  is  obtained 
by  a  special  linearizing  procedure 

The  unsteady  pressure  distribution  and  the  aerodynamic  lift  and  moment 
coefficients  are  calculated  as  a  function  of  the  blade  vorticity  by  means  of 
Bernoulli's  equation 

2  Flutter  analusis 

The  flutter  analysis  is  done  on  the  basis  of  a  two-degree-of  freedom  modti, 
which  allows  for  bending  perpendicular  to  the  chord  and  torsion  around  a 
given  elastic  axis.  The  rearrangement  of  the  two  linearized  equations  of 
motion  for  a  blade  section  in  nondimensional  matrix  form  yields  the 
formulation  of  the  flutter  problem  as  a  nonlinear  eigenvalue  problem 
Stability  boundaries  are  found  by  determining  the  real  eigenvalues  of  the 
matrix  equation  in  an  iterative  procedure  if  a  set  of  eiastomechanical  and 
aerodynamic  parameters  is  prescribed  The  result  of  each  flutter  calculation 
is  a  stability  curve  in  a  reduced  frequency  -  interblade  phase  angle  diagram, 
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the  maximum  of  which  yields  the  absolute  stability  boundary  and  hence  the 
nondimensional  flutter  speed  for  the  given  configuration 

Method  9:  (Courtesy  of  F.  Molls) 

The  model  allows  for  two  shock  waves  to  occur  in  a  tip  blade  passage  in 
which  the  inlet  Mach  number  is  supersonic.  A  weak  oblique  shock  from  the 
leading  edge  lies  off  the  pressure  surface  of  the  upper  blade  and  its  angle  is 
great  enough  that  the  shock  intersects  the  lower  blade.  Off  the  suction 
surface  of  the  lower  blade  there  is  a  normal  wave  at  the  trailing  edge  which 
intersects  the  upper  blade.  The  oblique  shock  angle  corresponds  to  the 
pressure  ratio  but  not  to  the  metal  angle  at  the  leading.  The  model  blade, 
however,  has  a  wedge  angle  in  agreement  with  the  pressure  ratio  and  inlet 
Mach  number  Where  the  oblique  shock  strikes  the  adjacent  blade,  the  flow 
turns  from  the  inlet  direction  through  the  wedge  angle  to  become  parallel  to 
the  pressure  surface,  thus,  as  observed  in  actual  flow,  there  is  no  reflec¬ 
tion 

There  are  two  options  in  the  model.  Either  the  pressure  and  suction  surfaces 
continue  uniformly  to  a  blunt  trailing  edge,  or  the  trailing  surfaces  are 
tapered  to  a  specified  thickness  at  the  trailing  edge  In  the  former  case  the 
differential  equations  for  the  unsteady  component  of  the  flow  have  constant 
coefficients  and  may  be  solved  analytically.  In  the  latter  option,  the  mean 
flow  in  one  portion  of  the  blade  passage  is  a  slowly  varying  flow  and 
numerical  integration  of  the  disturbance  equations  is  required  A  more 
detained  description  with  a  diagram  and  references  to  experimental  examples 
of  the  modelled  flow  is  given  in  137] 

Method  10:  Semi-Actuator  Disk  Method  (Courtesu  of  S.  Kali) 

The  semi-actuator  disk  model  converts  an  actual  blade  row  to  a  continuous 
cascade  by  inserting  many  fictious  blades  in  between  and  parallel  to  the 
original  blades  Aerodynamic  loading  and  inter-blade  phase  change  are  all 
shared  by  inserted  blades.  Thus  the  change  of  physical  quantity  in  the  cascade 
direction  is  given  by  crossing  each  blade  stepwise,  and  we  can  treat  the  flow 
inside  a  blade  channel  one-dimensionally 

The  first  part  of  the  analyses  is  to  solve  the  linearized  governing  equations 
of  mass,  momentum  and  energy  for  the  upstream,  inside  and  downstream  field 
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of  the  cascade  separately  We  have  a  pressure  wave  in  the  upstream  field, 
two  pressure  waves  going  back  and  forth  (and  an  entropy  wave  if  the  total 
pressure  loss  is  present)  inside  the  cascade  and  also  we  have  a  pressure 
wave,  (an  entropy  wave)  and  a  vorticity  wave  due  to  blade  oscillation  in  the 
downstream  field.  The  unknown  amplitude  of  each  wave  is  related  to  the 
known  amplitude  of  blade  oscillation  through  boundary  conditions  at  the 
leading  edge  plane  and  the  trailing  edge  plane  of  the  cascade. 

At  the  leading  edge  plane  we  use 

•  mass  flow  continuation, 

•  relative  total  enthalpy  continuation,  and 

•  the  condition  of  total  pressure  loss  change  in  accordance  with  flow 
incidence. 

At  the  trailing  edge  plane  we  can  assume  a  smooth  continuation  of  all 
physical  quantities,  i.e.,  two  components  of  velocity,  pressure  and  density 
The  aerodynamic  forces  acting  on  blades  can  be  evaluated  by  use  of  the 
momemtum  principle  applied  to  the  control  volume  taken  for  a  blade  channel 
The  merits  and  demerits  of  the  method  are: 

•  Aerodynamic  loading 

•  Total-pressure-loss 

•  Arbitrary  direction  of  oscillation 

•  No  large  inter-blade  phase  angles 


Method  11: 


Method  12: 


Method  13: 

The  code  is  based  on  the  nonlinear  transonic  small  perturbation  equation.  The 
disturbances  are  assumed  to  be  small.  Hence  the  principle  of  superposition  is 
applied  and  the  problem  is  split  into  a  steady  and  an  unsteady  part.  A  method 
of  characteristics  was  developed  for  both  the  steady  and  the  unsteady 
solutions  to  handle  the  supersonic  flow  past  a  finite  cascade  of  oscillating 
parabolic  -  not  necessarily  symmetric  -  blades. 

Considerable  progress  was  achieved  with  the  extended  treatment  of  the 
unsteady  shocks  including  a  shock  equation  for  the  unsteady  perturbation 
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potential  Furthermore  the  application  of  the  method  of  characteristics  to 
unsteady  sliplines,  shock  intersections  and  the  crossing  of  a  shock  with  a 
slipline  was  developed. 

The  results  are  steady  and  unsteady  pressure  distributions,  the  integrated 
lift-  and  moment-coefficients  and  the  shock  geometry  in  the  cascade.  At  the 
moment  the  code  is  for  research  purposes  only.  It  is  planned  to  rewrite  it  for 
industrial  application. 


Method  14:  Discrete  Vortex  (Cloud-in-Cell)  Method  for  linsteadu  Cascade 
Flows  (Courtesy  of  J.  M  R.  Graham  and  J.  Basuki) 

This  method  represents  shed  vortex  wakes  in  two-dimensional  incompressible 
flow  by  large  numbers  of  discrete  point  vortices  which  are  convected  by  the 
local  velocity  field.  In  the  cloud-in-cell  method  the  vorticity  associated  with 
the  moving  point  vorices  is  transfered  to  a  fixed  Eulerian  mesh  [32].  The 
streamfunction  and  hence  velocity  distribution  is  calculated  from  the 
vorticity  on  this  mesh  using  a  standard  fast  Poisson  solver. 

The  present  version  of  this  method  used  to  calculate  unsteady  flow  through  a 
cascade  represents  the  individual  aerofoils  in  the  cascade  by  a  boundary 
integral  method  [331  which  uses  piecewise  constant  vorticity  panels.  The 
appropriate  streamfunction  boundary  condition  is  satisfied  on  the  surface  of 
each  aerofoil  by  summing  the  contributions  of  the  surface  vorticity  panels 
(including  implied  periodicity)  and  the  mesh  streamfunction.  The  boundary 
condition  on  the  mesh  also  assumes  periodicity  along  the  cascade  with  the 
interblade  phase  angle  limited  to  a  small  integral  number  of  aerofoils  within 
the  mesh  flow  field.  The  computation  follows  the  evolution  of  an  unsteady 
flow  by  forward  time  marching,  tracking  the  positions  of  the  vortices. 

The  program  has  been  used  to  compute  cases  with  superimposed  unsteady 
flow,  upstream  wakes,  and  blade  vibration.  In  the  latter  case  when  the 
interblade  phase  angle  is  non-zero,  exact  application  of  the  boundary  integral 
method  requires  the  influence  functions  to  be  recalculated  at  each  time-step 
to  account  for  changes  in  the  relative  blade  to  blade  displacement  This  has 
not  been  done  in  the  present  program  for  reasons  of  computational  cost.  The 
present  boundary  condition  includes  the  relative  motion  but  is  evaluated  on 
the  mean  surface  of  each  blade  and  is  therefore  limited  to  small  displacement 
amplitudes  compared  to  the  blade  spacing. 

The  program  evaluates  time  histories  of  surface  pressures  and  forces  induced 
on  the  aerofoils  by  the  unsteady  flows.  Since  the  method  involves  time 
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marching  from  an  impulsive  start  fairly  long  computations  are  required  to 
reach  3  final  state  free  of  initial  transients 


Method  15:  (Courtesu  of  S.  Stecco) 

The  inviscid  planar  compressible  flow  is  governed  by  the  continuity,  Crocco's 
and  energy  equation 

V(|C)  =  0  (Ml  5.1) 

Cx(7xC)+7H-T7S  =  0  (Ml  5.2) 

dS/dT  =  0  (Ml  5.3) 

In  the  case  of  practical  interest  it  can  be  assumed  that  the  total  enthalpy  is 
constant,  and  that  the  flow  is  homoentropic;  this  leads  to  the  statement  of 
"irrotational  flow". 

The  assumption  of  homoentropic  flow  is  not  correct  in  transonic  flow  where 
the  shock  waves  can  introduce  entropy  gradients,  but  such  gradients  can  be 
neglected,  in  first  approximation,  if  the  shocks  are  weak  as  it  usually 
happens  in  the  passage  of  blades  cascades. 

In  order  to  get  a  pseudo-unsteady  formulation,  after  Viviand,  it  is  possible  to 
write  Crocco's  equation  in  the  streamwise  direction: 

ae/at  =  -(av/ax  -  au/ay)  (mis.4) 

and  the  continuity  equation: 

az(|)/at  =  -{aifui/ax  +  a[|v]/ay)  (mis.5) 

where  Z  is  a  suitable  function  of  density  as  it  will  be  seen  later.  The  closure 
equation  comes  from  the  conditions: 

7S  =  7H  =  0  (M15.6) 

After  Viviand  the  function  Z  has  been  choosen  in  order  to  achieve  good 
stability  all  over  the  working  Mach  number  range 

Z<«> 


-k|*M* 


(M15.7) 
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where  k  is  an  integer  number  and  *refer  to  cntical  conditions 
In  order  to  increase  the  convergence  rate  of  equations  (MI5.4)  and  (M15.5) 
two  functions  and  have  now  been  introduced  to  multiply  the  RHS  and  new 
stability  analysis  has  been  performed. 

The  choice  of  these  functions  is  not  straight  forward  because  of  the  presence 
of  high  non  linear  instability,  any  way  a  final  expression  have  been  found 
which  leads  to  good  results. 

The  equations  (M15.4)  and  (M15.5)  can  be  written  as: 


af/9t+dF/dx+dG/dy  =  0 


(Ml  5.8) 


where  now: 
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I  =  M2dZ(f)/d| 


1  =  |<-"z| 


(Ml  5.9) 


The  numerical  solution  of  these  equations  will  be  carried  out  by  an  explicit 
scheme,  then  the  stability  condition  on  the  time  step  has  been  derived  from 
the  CFL  criterion  that  states  that  the  physical  dependence  domain  must  be 
included  in  the  numerical  one. 

The  boundary  conditions  are: 

•  upstream  the  total  thermodynamic  conditions  and  the  flow  angle  (if  the 
axial  flow  is  supersonic,  also  the  only  Mach  number)  are  fixed 

•  downstream  the  Mach  number  is  fixed,  i.e.  the  preassure  ratio  across 
the  cascade  (if  the  axial  flow  is  supersonic  not  any  condition  is  fixed). 

•  the  solid  wall  require  the  tangent  condition  of  velocity  that  substitutes 
the  2nd  equation  and  impose  conditions  on  the  flux  terms  of  first  equation. 

•  the  ideal  periodic  boundaries  require  the  velocity  vector  to  be  equal  in 
correspondent  point  at  one  pitch  distance.  When  choosing  such  lines  the 
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normal  velocity  component  must  be  subsonic  Their  treatment  results  easy  in 
the  numerical  scheme. 

Finally  the  trailing  edge  condition  is  the  really  delicate  one. 

in  fact  there  it  has  to  be  simulated  the  base  region,  from  where  the  shock 

waves  system  starts  in  turbine  cascades. 

We  consider  a  truncated  trailing  edge  and  the  velocity  vector  free  on  the  two 
points  on  each  side  of  the  trailing  edge. 

The  choice  of  the  truncation  must  be  done  carefully  owing  to  its  significant 
influence  on  the  results  It  represents  roughly  the  separation  points  at  the 
trailing  edge. 

Results  are  obtained  with  a  coarse  grid  of  10x57  and  a  fine  mesh  of  19x57 
points,  and  by  using  a  finer  convergence  limit. 

Now  we  test  the  convergence  on  the  inlet-outlet  mass  flow  difference  after 
the  local  time  variations  of  the  unknowns  are  within  a  fixed  limit. 

Execution  time  on  Honeywell  OPS  8: 


M2iS 

CPU 

time 

n.  of  iteration 

1.2 

348 

s 

120 

.98 

383 

s 

130 

.95 

514 

s 

170 

Method  16:  Computer  Code  'Cascade'  (Courtesy  of  D.  Nixon  ) 

The  code  will  compute  the  unsteady  transonic  flow  through  a  nonstaggered 
cascade.  Thin  airfoil  boundary  conditions  are  used  and  the  code  is  an 
extension  of  the  XTRAN2L  code  for  isolated  airfoils.  The  algorithm  is  the 
Rizzetta-Chin  algorithm  for  arbitrary  frequencies.  The  code  is  used  for 
research  purposes  and  is  not  a  production  code. 


Method  17: 


Method  18:  (Courtesu  of  H.  Joubert) 

A  model  has  been  developed  at  SNECMA  for  calculating  the  unsteady 
aerodynamic  flow  through  vibrating  cascades  in  view  of  studying  supersonic 
flutter  in  axial  flow  compressors. 
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The  calculation  deals  with  an  ideal  fluid,  in  unsteady  transonic  flow, 
including  shocks,  through  a  quasi  three-dimensional  cascade. 

The  explicit  Mac  Cormack  scheme  was  used  to  numerically  solve  the  unsteady 
Euler's  equations  on  a  blade  to  blade  surface.  An  80  x  15  grid  points  mesh 
was  used  which  was  displaced  to  follow  the  blade  motion.  For  further  details, 
see  ref.  (47). 

This  model  has  been  applied  to  the  seventh  standard  configuration  of  the 
workshop  on  aeroelasticity  in  turbomachine-cascades.  Two  cases  were 
studied,  the  first  one  corresponding  to  an  exit  Mach  number  of  t  .25  and  the 
second  one  to  an  exit  Mach  a  number  of  0.99.  The  unsteady  aerodynamic 
damping  coefficients  for  both  cases  are  represented  (see  section  7.7)  and  the 
magnitude  and  phase  lead  of  blade  surface  pressure  coefficient  for  two 
interblade  angles  are  plotted. 


Method  19:  Method  of  Calculating  Unsteadu  Aerodunamic  Forces  on  Two- 
Dimensional  Cascades.  (Courtesu  of  M  Namba.) 

The  basic  assumptions  of  the  method  are  that  the  flow  should  be  inviscid  and 
isentropic  The  gas  should  be  perfect  and  the  blade  oscillations  small. 

The  blades  are  represented  by  pressure  dipoles  of  fluctuating  strength 

Ap(x0)eiot  +  imt  (m  =  0,±  1 ,...)  (MI9  1) 

and  the  problem  is  reduced  to  an  integral  equation  for  Ap(x0): 

F  c 

|  Ap(x0)K(x-x0)dx0  =  i<i>a(x)  +  Ua'(x)  (M19  2) 

Jo 

The  Kernel  function  K(x-x0)  is  resolved  into: 

•  a  singular  part  K(S)(x-x0)  in  a  closed  form 

•  a  regular  part  K(R)(x-x0)  in  an  infinite  series  form  of  uniform 
convergence  (A  sufficient  convergence  with  truncation  at  the  30th  term  is 
confirmed.) 

The  dipole  distribution  function  Ap(x0)  is  then  expanded  into  a  mode  function 
senes. 

The  flow  can  be  either  sub-  or  supersonic: 

•  Subsonic  Cascade: 
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K-  1 

Ap(x0)  =  2  PkVf)  (Ml 9.3) 

K»0 

where 

xn  =  0.5c(1-cosf) 

V0(f)  =  cot(0  5f ) 

Yk(f)  =  sin(kf)  (k>l)  (Glauert  series) 

•  Supersonic  Cascade: 

g(x0+xr)  .  x|- <  x0  <  x|+ 

Ap(x0)  =  g(x0)  +  2  Fr  {  (Ml 9  4) 

r  0  :  otherwise 

where 

^reflection  number  (this  technique  corresponds  to  the  Nagashima  & 
Whitehead'  technique) 

K-  1 

g(x0)  =  2  PkY|((f)  ,  with  x0  =  0.5c(l-costf)  (Ml 9.5) 

K=0 

Yk(y)  =  coskf  (  equivalent  to  shifted  Chebyshev  polynomials) 

The  integral  equation  is  converted  into  algebraic  equations  for  Pk 
(  k  =  0,1,2,  ...,K-1  ). 

K-l 

2  PkYKk(xj)  =  i«o(xj)  ♦  Ua'(xj)  ,  j  =  1,2 _ K  (MI9  6) 

k=0 

where 

fc  (C 

-  YKk(x)  =  |  Yk(f)K<s)(x-x0)dx0  ♦  |  Yk(?)K(R>(x-x0)dx0 

JO  JO 

(M 1 9.7) 

with  the  first  term  calculated  analytically  and  the  second  numerically 
integrated  with  about  240  integration  points  from  x0  =  0  to  c  ).  In  the  present 
cases,  calculations  were  conducted  with  six  control  points  (K=6). 


7.1  First  Standard  Configuration  (Compressor  Cascade  in  Low 
Subsonic  Flow) 

Definition 

This  configuration  is  compiled  from  two-dimensional  cascade  experiments  in 
the  low  subsonic  flow  region.  It  is  therefore  mainly  directed  towards  the 
validation  of  incompressible  predictions. 

The  experiments  were  performed  in  air,  in  the  linear  low  subsonic  oscillating 
cascade  wind  tunnel  at  the  United  Technologies  Research  Center  and  are 
included  in  the  present  study  by  courtesy  of  F.O  Carta  ([8,  15,  16]). 

The  cascade  configuration  consists  of  eleven  vibrating  NACA  65-series 
blades,  each  having  a  chord  c=0.1524  m  and  a  span  of  0.254  m,  with  a  10° 
circular  arc  camber  and  a  thickness-to-chord  ratio  of  0  06.  The  pitch-to- 
chord  ratio  is  0  750  and  the  stagger  angle  for  the  experiments  presented  here 
is  55°. 

The  cascade  geometry  and  profile  coordinates  are  given  in  Figure  and  Table 
7.1-1,  resp. 

The  airfoils  oscillate,  in  pitching  mode,  around  a  pivot  axis  at  (0.5,  0  01 15) 
Experiments  have  been  performed  with  vibration  frequencies  between  6  and 
26  Hz  and  with  two  pitching  amplitudes  (0.5°  and  2°). 

Both  the  time-averaged  and  time-dependent  instrumentation  on  this  cascade 
is  very  complete,  and  a  large  number  of  well  documented  data  have  been 
obtained  during  the  tests.  The  time-dependent  instrumentation  consists  of  10 
high  frequency  response  pressure  transducers  on  each  side  of  the  center 
blade,  arranged  in  a  Gaussian  array,  to  obtain  maximum  accuracy  in  the 
numerical  integration  of  the  moment  and  damping  coefficients  of  the 
resulting  pressure  distributions  115,  17], 

Further  to  the  center  blade,  5  others  and  the  tunnel  sidewall  were  partially 
instrumented  to  validate  the  time-dependent  periodicity  of  the  flow  through 
several  blade  passages. 

All  the  blades  in  the  cascade  are  vibrated  with  a  cambar  system  to  produce  a 
highly  accurate  harmonic  motion. 
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suet  ion  surface 


Maximum  thickness  at  x 
Vibration  In  pitch  around  (Xo.y.) 
d  =  (thickness/chord) 

=  0.5°,  2.0®  (=  0.0087,  0.0349  rad) 


=  0.1524  m 
=  0.75 
=  variable 
spans  o.254m 
Working  fluid:  Air 


1 

camber 

1 


0.5 

(0.5,0.01 15) 
0.06 

variable  (2®,  6®) 
10® 

55® 


Fig.  7.1-1.  First  standard  configuration:  Cascade  geometry 
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c  *  IS. 24  cm  (6  in.) 


SUCTION  SURFACE 


0.0008 

0.0020 

0.0046 

0.0053 

0.0070 

0.0064 

0.0120 

0.0083 

0.0244 

0.0116 

0.0494 

0.0164 

0.0743 

0.0204 

0.Q993 

0.Q237 

0.1494 

0.0290 

0.1994 

0.0331 

0.249S 

0.0364 

0.2996 

0.0387 

0.3998 

0.0411 

O.SQOQ 

0.0406 

0.6002 

0.0370 

0.7Q03 

0.0306 

0.8003 

0.0223 

0 .850  3 

0.0176 

0.90  03 

0.0127 

0.9SQ2 

0.0078 

0.997S 

0.0030 

L.E.  RADIUS/c  -  0.0024 


T.E.  RADIUS/c  -  0.0028 


PRESSURE  SURFACE 


— 

0.0012 

-0.0019 

0.0054 

-0.0042 

0.0080 

-0.0050 

0.0130 

-0.0061 

0.0256 

-O.QQ77 

0.0S07 

-0.0098 

0.0757 

-0.0115 

0.1007 

-0.0129 

0.1506 

-0 .0150 

0.2006 

-0.0165 

0.2505 

-0.0177 

0  .  3004 

-0.0185 

0.4002 

-0.0188 

0.5000 

-0.0176 

0.5998 

-0.0146 

0.6997 

-0.0104 

0,7997 

-0.0069 

0.8497 

-0.0053 

0.8997 

-0.0040 

0.9497 

-0.0032 

0.9973 

-0.0025 

RADIUS  CENTER  COORDINATES 


»  0.0024,  Y  -  0.0002 


«  0.9972,  Y  ■  0.0003 


Table  7.1-1.  First  standard  configuration:  Dimensionless  airfoil 
coordinates. 
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The  time-dependent  data  were  recorded  in  digit  form  at  sampling  rates  of 
1000  samples/sec  Data  for  each  channel  were  then  Fourier  anlysed  to  provide 
the  first,  second  and  third  harmonic  results. 

Details  of  the  experimental  procedure  and  all  the  data  acquired  are  given  in 
[151.  Furthermore,  for  convenience,  the  section  on  data  acquisition  and  initial 
reduction  from  (151  (pages  15-16)  appears  in  Appendix  A4. 

Aeroelastic  Test  Cases 

From  the  tests  presented  in  [151,  15  aeroelastic  cases  have  been  retained  as 
recommendations  for  off-design  calculations.  These  cases  are  given  in  Table 
7  1-2  They  correspond  to  two  different  mean  settings  of  the  cascade, 
variable  vibration  amplitudes,  reduced  frequencies  and  interblade  phase 
angles 


Time  averaged  Time  Dependent  Parameters 

Aeroelastic  M,  i  p,/p»,  p2/p»i  p2  k  a  a  1 

Test  Case  No  <-)  <*)  (-)  (-)  (*)  (-)  <*>  (*>  (Hz) 


1 

0.10 

2 

0.9774 

0.9818 

62.0 

0.122 

0.5 

-45* 

15.5 

2 

• 

• 

* 

* 

• 

♦  45* 

3 

0.17 

6 

0.9790 

0.9852 

62.5 

-45* 

4 

2.0 

*  45* 

5 

-45* 

6 

-180* 

7 

-135* 

8 

-  90* 

9 

-  0* 

10 

»  90* 

11 

♦  135* 

12 

0.072 

-  90* 

9.2 

13 

0.151 

-  90* 

19.2 

14 

0.301  ‘ 

-  90* 

38.4 

15 

- 

0.603 

-  90' 

76.8 

Table  7.1-2  First  standard  configuration. 

Experimental  values  for  15  recommended  test  cases 
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All  the  test  cases  were  extensively  treated  by  several  prediction  models  (see 
Table  6.1),  wherefore  a  detailed  comparison  between  experimental  data  and 
theoretical  results  is  possible. 

Discussion  of  Time  Averaged  Results 

The  15  proposed  aeroelastic  test  cases  comprise  two  separate  stationary 
flow  conditions:  2®  (cases  1-2)  and  6®  (cases  3-15)  incidence  respectively 
These  time-averaged  results  are  given  in  Fig.  7.1-2.  It  is  concluded  that  the 
data  agree  well  with  theoretical  results  from  Method  3. 

However,  some  ambiguity  seems  to  exist  in  the  determination  of  the  incidence 
angle.  It  should  be  noted  here  that  both  in  the  present  work  and  in  the  study 
by  Carta  (15],  the  incidence  angle,  i,  is  defined  towards  the  mean  camberline 
angle  at  the  leading  edge  (Fig  4.1-1).  The  experimentally  determined  values 
are  ’exp=  2°  and  6°,  respectively.  It  was  found  by  several  persons, 

independent  of  each  other,  that  the  data  for  the  local  time-averaged  blade 
surface  pressure  distribution  and  the  analyses  agree  better  if  the  incidence 
angle  is  slightly  modified  for  the  theoretical  calculations. 

Several  possible  explanations  for  this  discrepancy  can  be  put  forward: 

•  The  experimental  cascade  consists  of  1 1  blades  while  the  analyses 
consider  infinite  cascades  [15], 

•  The  axial  velocity  density  ratio  was  not  measured  in  the  experiment 
(151. 

•  The  possibility  of  separate  definitions  of  the  incidence  angle  between 
different  researchers  must  also  be  considered.  In  fact,  it  has  been  pointed  out 
by  H.  Atassi  and  F.O  Carta  138]  that  the  incidence  angle  sometimes  used  by 
analysts  is  the  angle  between  the  uniform  upstream  flow  and  the  airfoil  chord 
(defined  on  this  page  as  ichord)  For  the  first  standard  configuration,  the 

relationship  between  the  mean  camber  line  (at  the  leading  edge)  incidence  and 
the  chordal  incidence  angle  is  138] 

’  =  ’chord  -  2.5® 

However,  as  this  last  remark  concerns  only  the  definition  of  the  incidence 
angle  and  as  there  is  still  disagreement  about  the  values  given  for  the  inlet 
flow  angle,  it  cannot  be  the  sole  reason  for  the  differences 
The  two  most  likely  explanations  for  the  need  to  correct  the  incidence  angle 
to  make  the  theoretical  and  experimental  results  agree  well  are  thus  the  first 
ones,  referenced  by  Carta  in  115]. 
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It  can  be  pointed  out  that,  for  the  two  methods  with  which  a  detailed 
investigation  of  the  steady-state  incidence  was  performed  (Methods  3  and  7), 
both  give  best  agreement  for  the  same  corrected  incidence  angle  (iexp=2°, 
'theory=~0  27°.  iexp=60'  Uheory=2  23°.  see  [5,  401). 

Apart  from  the  discrepancies  in  incidence  angle,  agreement  with  the  data  is 
good  (see  Figures  7.1-2  for  examples),  which  mutually  validates  both  the 
experimental  and  theoretical  time-averaged  results. 


a)  i.xp  =  2* 


Fig.  7.  1-2.  First  Standard  Configuration,  Cases  1-2.  Time  Averaged 

Blade  Surface  Pressure  Coefficient  for  f,xp  =  2°  and  i,xp  =  6° 
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Discussion  of  Time-Dependent  Results 

In  total  eight  methods  have  presently  been  applied  to  the  first  standard 
configuration  (Table  6- IT  All  of  these  calculate  the  time-dependent  blade 
surface  pressures,  wherefore  it  is  possible  to  evaluate  both  these  and  the 
stability  limit  of  the  cascade. 

Full  details  of  all  the  results  obtained  for  the  15  aeroelastic  cases  are  given 
in  section  I  in  Appendix  A5. 

Integrated  Parameters 

Evaluation  of  the  results  shows  that  the  stability  limits  (S=0)  of  the  cascade 
are  well  predicted  by  all  analyses  for  a  reduced  frequency  of  k=0  122  (Fig 
7.1-3a,b).  However,  some  scatter  appears  in  the  magnitude  of  the  aerodynamic 
damping  coefficient  around  its  maximum  and  minimum  values  It  is 
interesting  to  note  that  the  dissimilarity  in  damping  magnitude  between  the 
data  and  the  separate  analyses  at,  ±90®  interblade  phase  angles,  appears  for 
some  methods  mainly  because  of  disagreement  in  the  magnitude  of  the 
moment  coefficient,  and  for  some  mainly  because  of  disagreement  in  its 
phase  lead  (Fig.  7.1  -3c). 

This  certainly  also  indicates  some  scatter  in  the  unsteady  surface  pressures 
The  analytically  determined  acoustic  resonances  (l  15,  39),  see  also  Appendix 
A3),  lie  for  this  specific  cascade  close  to  a  0®  interblade  phase  angle  for  the 
flow  conditions  presented  in  Figures  7.1-3.  It  is  concluded  that  the 
theoretical  and  experimental  results  agree  well,  especially  for  the  damping 
coefficient,  also  in  the  surroundings  of  this  interblade  phase  angle,  although 
the  disagreement  of  Method  4  with  the  others  around  a  0®  interblade  phase 
angle  is  certainly  due  to  the  resonance  conditions.  (If  slightly  different 
interblade  phase  angles  had  been  used  for  the  calculation  in  Method  4,  the 
curve  would  probably  concur  with  the  others.) 

An  information  which  does  not  influence  the  flutter  behavior  of  a  cascade  in 
the  pitching  mode,  namely  the  aerodynamic  lift  coefficient,  is  given  in  Fig 
7  1-4  Here  some  larger  disagreement  than  in  the  moment  coefficient  is 
found,  especially  in  the  magnitude. 


t 
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PLOT  7.I-6.IA,  FIRST  STPNOARD  C0NF JGUAAT ION.  CASES  «-||. 

AEROOTNAH  I C  WORK  AND  DAMPING  COEFFICIENTS 
IN  OCRCNORNCE  OF  INTERBlAOE  PHASE  ANGLE 


.  1S2M 

.75 

55. 

.5 

.  01  ts 
.10 
-66. 
6. 

0.15 

-62.5 


.035 
i  97 
.  122 


.06 


-  UNSTABLE 


STABLE 


FLO’  7.1-B.IB*  FIRST  STANDARD  CONFIGURATION.  CASES  1- 1  I . 

AEROOTNAHIC  NOR*  ANO  OARPING  COEFFICIENTS 
IN  DEPENOANCE  OF  INTERBLOOE  PHASE  ANGLE 


C)  d) 

Fig.  7.1-3.  Aerodynamic  damping  and  moment  coefi  icients  versus 
interblade  phase  angle 
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An  interesting  investigation  was  performed  in  [40],  where  the  unsteady 
behavior  of  the  cascade  was  calculated  with  Method  7  to  investigate  the 
effect  of  geometry  and  incidence  on  the  aerodynamic  damping  for  texp=6*  The 

trends  found  in  Fig.  7  1-3  were  confirmed,  and  it  was  noted  that,  although  the 
best  time-averaged  agreement  with  the  data  was  for  itheory=2  23°,  the  best 
unsteady  agreement  was  for  itheory=*exp=6*  (Fig.  7.1-5). 

No  explanation  for  this  apparent  contradiction  can  presently  be  given 
It  can  also  be  seen  (Fig.  7.1-3)  that  the  two  methods  which  give  the  best 
approximation  to  the  magnitude  of  the  experimental  data  both  use 
Uheory=’exp=60  (Methods  4  and  7). 


Fig.  7.1-4.  Aerodynamic  lift  coefficient  versus  interblade  phase  angle 
and  reduced  frequency,  resp. 
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This  indicates  that  the  ambiguity  in  the  steady-state  incidence  angle,  as 
discussed  earlier,  also  remains  for  the  unsteady  results  From  Figures  7  1-3 
and  7.1-5  it  is  concluded  that  the  flat  plate  calculations  (Methods  1  and  5  in 
Fig.  7  1-3  and  Method  7  in  Fig.  7  1-5)  give  a  good  qualitative  approximation  of 
the  damping  coefficient  shape.  The  magnitude  is  however  exaggerated 
This  disagreement  in  magnitude  is  not  dangerous  from  the  flutter  point  of 
view  as  long  as  the  blades  are  assumed  to  have  zero  mechanical  damping 
However,  if  a  certain  mechanical  damping  is  admitted  in  the  flutter  design 
process,  the  results  can  be  disastrous  Indeed,  if  a  mechanical  damping  of 
*mech=0  6 's  assumed  in  Fig  7  1-3,  the  experiments  and  prediction  models  4, 
5  and  7  indicate  a  stable  system  (i  e  Saer  ♦  SmeCh>0)  for  all  interblade 
phase  angles,  while  the  other  models  still  predict  flutter  between 
40*<f<100<> 


The  effect  of  geometry  and  incidence 
on  aerodynamic  clamping 
Carta  DCA  blade,  k=  0422 


Fig.  7. 1  -5.  Aerodynamic  damping  coefficient  versus  interblade  phase 
angle  (from  /  40/,  Fig.  8) 
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Blade  Surface  Pressure  Differences 

As  the  largest  scatter  in  the  aerodynamic  damping  coefficient  was  found  at 
approximative^  t  (45°-90°)  interblade  phase  angles,  the  largest  disagreement 
between  the  predicted  and  the  experimental  blade  surface  pressure 
distributions  could  be  expected  to  exist  in  this  region. 

In  general,  the  agreement  in  blade  surface  pressure  difference  coefficient  is 
good  (Fig.  7.1-6),  with  some  exceptions.  First  of  all,  the  good  agreement  in 
aerodynamic  damping  coefficient  between  the  data  and,  for  example.  Method  3 
which  was  found  at  +180°  interblade  phase  angle  flexp=6°<  F*9  7.1-3)  is 

confirmed  by  the  pressure  difference  coefficient  (Fig.  7.1-6a).  Here,  both  the 
amplitude  and  phase  lead  are  predicted  very  accurately.  This  is  also  the  case 
for  a  flat  plate  theory.  Method  1,  for  the  phase  angle,  but  some  small 
disagreement  is  found  in  the  amplitude. 

At  a  -90°  interblade  phase  angle,  the  agreement  of  Methods  1  (Flat  Plate)  and 
3  with  the  data  is  still  good  as  far  as  the  amplitude  is  concerned  (Fig.7.1- 
6b)  This  indicates  that  the  disagreement  in  aerodynamic  damping  at  this 
interblade  phase  angle  (Fig.  7.1-3)  probably  comes  from  the  differences  in  the 
pressure  difference  phase  angle.  However,  this  is  not  the  case  for  the  +45° 
interblade  phase  angle  (Fig  7  I -6c),  although  here  the  phase  angle  differences 
between  the  analyses  and  the  data  close  to  the  trailing  edge  are  very  large 
(which  does  not  influence  the  aerodynamic  damping  to  a  large  extent  as  the 
pressure  difference  amplitudes  are  small  here)7,  it  seems  instead  that 
disagreements  in  the  amplitude  of  the  pressure  difference  coefficient  are 
mainly  responsible  for  differences  in  the  magnitude  of  the  damping. 

At  a  0°  interblade  phase  angle  (which  is  close  to  the  analytically  determined 
acoustic  resonance)  discrepancies  between  the  different  analyses  and  the  data 
are  fairly  large  in  the  phase  angle,  although  the  trend  is  correctly  predicted 
by  most  methods  (Fig.  7.1  -6d).  The  aerodynamic  nevertheless  damping  has  an 
identical  value  for  most  methods  and  the  data  (Fig.  7.1-3),  which  is  clearly 
the  case,  as  the  amplitude  of  the  pressure  difference  coefficent  is  smaller 
than  at  other  interblade  phase  angles  (compare  for  example  Fig.  7.1-6c,d). 
Furthermore,  in  the  part  of  the  blade  where  the  amplitude  is  targe,  i.e.  close 
to  the  leading  edge,  the  phase  angle  is  almost  zero  for  a  0°  interblade  phase 
angle,  wherefore  this  part  of  the  blade  makes  only  a  small  contribution  to  the 
total  aerodynamic  damping. 


7  This  apperently  large  discrepancy  is  explained  in  next  section 
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plot  7. 1-3.6.  first  stanoaro  configuration,  case  6. 

MAGNITUDE  AND  PHASE  LEAD  OF  UNSTEAQT 
SURFACE  PRESSURE  DIFFERENCE  COEFFICIENT. 


PLOT  7.I-3.8.  FIRST  STANOARO  CONFIGURATION.  CASE  8. 

MAGNITUDE  AND  PHASE  LEAD  OF  UNSTEAOT 
SURFACE  PRESSURE  DIFFERENCE  COEFFICIENT. 


PLOT  7. |-3.Ni  FIRST  STANOARO  CONF I GURAT ION.  CASE  N . 

NAGNITUOC  AND  PHASE  LEAO  OF  UNSTEAOr 
SURFACE  PRESSURE  DIFFERENCE  COEFFICIENT. 


PLOT  7. 1-3.9.  FIRST  STANOARO  CONF I GURAT ION,  CASE  9. 

MAGNITUDE  AND  PHASE  LEAD  OF  UNSTEAOT 
SURFACE  PAES5UAC  DIFFERENCE  COEFFICIENT. 


Fig.  7.1-6.  Continued  on  next  page 
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e)  f) 

Fig.  7.1-6.  Unsteady  Wade  surface  pressure  difference  coefficient 
versus  chord  at  different  interblade  phase  angles 


However,  methods  6  and  14  show  some  larger  discrepencies  in  the  phase  angle 
(Fig  7  l-6d,e,f) 

Method  6  still  predicts  the  correct  trend,  while  method  14  shows  a  different 
distribution  The  authors  (551  give  as  a  possible  explanation  for  this 
phenomenon  the  time-dependent  aspect  of  their  method.  It  is  not  certain  that 
the  periodic  solution  has  been  obtained 

it  is  thus  concluded  that,  in  most  cases,  the  theoretical  and  experimental 
results  for  the  time-dependent  blade  surface  pressure  difference  coefficient 
agree  well,  both  in  trend  and  magnitude 
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Blade  Surface  Pressures  on  Uooer  and  Lower  Surfaces 

If  instead  the  time-dependent  blade  surface  pressures  on  the  pressure  (lower) 
and  suction  (upper)  surfaces  are  considered,  some  disagreement  is  noted 
In  Figure  7.1-7  this  information  is  plotted  for  the  same  aeroelastic  test 
cases  as  in  Fig.  7.1-6  (interblade  phase  angles  =  -180°,  -90°,  0°,  +45*). 

From  all  diagrams  it  is  concluded  that  the  amplitudes  of  the  lower  and  upper 
blade  surface  pressures  are  better  predicted  than  the  phase  angles.  It  is 
interesting  to  note  that  the  largest  disagreements  irt  the  phase  angle  seem  to 
be  on  the  lower  (=  pressure)  surface  in  the  second  half  of  the  blade^ 
Presently,  no  explanation  for  this  phenomenon  has  been  put  forward,  apart 
from  noting  that  on  this  part  of  the  blade  the  pressure  fluctuations  are  small 
(and  thus  the  signal/noise-ratio),  which  automatically  gives  a  larger 
inaccuracy  in  phase  angle  Again,  there  are  some  discrepancies  between 
Method  14  and  the  experimental  data  (Fig.  7.1-7b,h) 

As  for  the  pressure  difference  coefficient,  the  surface  pressures  show  large 
disagreements,  both  between  the  different  analyses  and  with  the  data,  for  a 
0°  interblade  phase  angle  (Fig  7  l-7f,g,h)  Again,  the  good  agreement  for  the 
aerodynamic  damping  in  this  range  of  interblade  phase  angles  (Fig  7  1-3)  can 
be  attributed  only  to  the  fact  that  the  amplitudes  are  so  small  that 
discrepancies  in  phase  angles  are  not  noted 

The  large  disagreement  (between  the  analyses  and  the  experiment)  in  the 
phase  angle  of  the  pressure  difference  coefficient  close  to  the  trailing  edge, 
for  a  +45°  interblade  phase  angle  (Fig.  7.1 -6c)  can  now  be  explained  on  the 
basis  of  the  pressure  difference  coefficient  calculation  This  can  be  seen  by 
investigating  the  upper  and  lower  blade  surface  pressures  Indeed,  by 
comparing  Figures  7  1  -6c  and  7  1-7d  it  is  concluded  that  the  disagreement  is 
larger  in  the  pressure  difference  coefficient  than  in  the  upper  and  lower 
pressures  The  reason  for  this  is  probably  to  be  found  in  the  data  reduction 
method  The  pressure  difference  coefficient  is  calculated  by  passing  via  the 
real  and  imaginary  parts  of  the  complex  pressure  coefficients  (section  4)  In 
the  specific  case  shown  in  Fig  7  l-7d,  the  real  parts  of  the  complex  pressure 
coefficient  on  the  upper  and  lower  surfaces  are  almost  identical,  which  gives 
a  small  value  of  the  real  part  of  acp,  while  the  imaginary  part  has  a  larger 

value  Therefore  the*  value  of  the  phase  angle,  as  calculated  by  eq  (10a), 
becomes  uncertain 


8 


This  is  confirmed  also  for  other  elastic  test  cases,  see  Appendix  A5 
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AEROELASTtCITY  IN  TURBOMACHINES-  Standard  Configurations 
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surface  pressure  coefficient. 
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AEROf LA3TICIT7  in  TURBOnACHiNtS:  standard  configurations 

However,  the  same  argument  cannot  be  used  to  explain  the  differences  in 
phase  angle  in  Fig.  7.1 -6b  (which  in  any  case  is  much  smaller  than  the  ones  in 
Fig.  7.1-6d),  as  in  this  case  the  values  of  the  real  parts  of  the  pressures  on 
the  iower  and  upper  surfaces  are  further  apart.  (The  difference  in  the 
imaginary  part  betweeen  the  lower  and  upper  surfaces  of  the  blade  is  of  the 
same  order  of  magnitude  as  the  difference  in  the  real  part.) 

In  this  context,  the  interesting  investigation  of  different  vibration  amplitudes 
performed  by  Carta  in  115)  can  also  be  discussed.  In  Fig.  7.1-5  (copied  from 
ref.  (401),  the  experimentally  determined  aerodynamic  damping  coefficient  is 
represented  for  0.5°  and  2°  vibration  amplitudes.  A  slight  difference  is  found 
at  a  -45°  interblade  phase  angle  which,  by  investigating  the  surface  pressures 
(Fig.  7.l-8a,b),  can  be  attributed  mainly  to  differences  in  the  first  10*  of  the 
blade  Again  some  slight  disagreement,  this  time  between  the  two 
experiments,  is  found  in  the  lower  surface  phase  angles  in  the  second  half  of 
the  blade,  where  the  amplitudes  are  small.  However,  the  trend  for  both 
vibration  amplitudes  is  identical. 

For  other  cases,  presented  in  (15],  the  pressure  amplitudes  in  the  leading  edge 
region  show  smaller  differences  between  0  5°  and  2°  vibration  amplitude  than 
in  Fig.  7.1-8.  This  is  confirmed  also  in  Fig.  7.1-5,  as  the  experimental 
aerodynamic  damping  coefficient  has  almost  the  same  value  for  both  vibration 
amplitudes.  But  also  for  these  interblade  phase  angles,  differences  appear  in 
the  phase  angle  of  the  lower  surface  pressure  in  the  second  half  of  the  blade 
(see  Appendix  A5).  A  detailed  investigation  of  the  data  in  [15]  indicates  that 
these  differences  are  probably  due  to  run-to-run  variations  in  the  unsteady 
data,  and  not  to  nonlinear  effects  This  can  be  concluded  from  Fig.  7.1-9  and 
7.1-10,  where  the  values 

*Cp=Cp«=2-Cp«=°.5 

6*p=*p«=2-*p«=0-5 

are  shown  for  two  incidence  angles,  i  =2°  and  6®,  at  77%  and  6*  chordwise 
position  respectively,  for  both  the  upper  and  lower  surfaces,  as  a  function  of 
the  interblade  phase  angle 
In  these  diagrams,  it  is  seen  that: 

•  The  scatter  in  l*p  is  larger  on  the  lower  thah  on  the  upper  surface  of 
the  blade  in  the  7~7%  chordwise  position  (Fig.  7.1 -9a,  b)  A  possible 
explanation  for  this  is  that  the  pressure  amplitudes  are  smaller  on  the  lower 
than  on  the  upper  surface  of  the  blade.  The  accompamng  smaller  signal/noise 
ratio  may  influence  the  accuracy  of  the  phase  angles 
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•  The  differences  in  S*p  are  much  smaller  in  the  leading  edge  region 
(x=0.06,  Fig.  7.1-IOa,b)  than  in  the  trailing  edge  region  (x=0.77,  Fig.  7.1- 
9a, b).  Again  this  can  be  explained  by  difficulties  in  determining  accurately 
the  phase  angle  by  small  pressure  fluctuations 

•  The  scatter  in  8*p,  both  at  the  6  and  77*  chordwise  position,  is 
approximately  the  same  for  both  incidence  angles  (i=2®  and  6®),  which 
indicates  that  the  unsteady  flow  and  the  experimental  accuracy  are  similar  in 
both  cases  (Fig.  7.1-9a,b  and  7.1-1  Oa,b). 

•  The  scatter  in  the  absolute  value  of  Scp  is  approximately  the  same  for 
the  lower  and  upper  surfaces  and  for  both  incidence  angles  in  the  77* 
chordwise  position  although,  as  mentioned  earlier,  the  pressure  amplitudes 
are  in  general  smaller  on  the  lower  surface  (Fig.7.l-9c,d). 


Fig.  7.1-8.  Experimentally  determined  unsteady  blade  surface  pressure 
distributions  for  two  vibration  amplitudes  (a  =  0.009  and 
0.035  rad.) 


a  1*0  -no  6  a  180 


•  >  i=2*  f>  i=6° 

Fig  7  1-10  Pressure  coefficient  and  phase  angle  differences  between  2* 
and  0  5*  vibration  amplitude  on  the  lower  and  upper  blade 
surfaces  at  6  *  chordwise  location  (i  =  2*,  6*  ;  k  =  0.12) 
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•  In  absolute  values,  the  scatter  in  lcp  is  larger  for  the  6X  than  the  71% 
chordwise  position  (Fig  7  t -9c  d  and  7  1-I0c,d)  However,  in  relative  values 
(8cp/Cpc*=2°>  there  is  much  less  scatter  close  to  the  leading  edge,  as  here  the 
pressure  amplitudes  are  higher  (Fig.  7  l-9e,  7  1-tOe) 

•  The  differences  in  Scp  seem  to  be  independent  of  the  steady  incidence 
angle 

From  Figures  7.1-9  and  7.1-10  it  can  thus  be  concluded  that  a  possible 
explanation  for  the  disagreement  between  the  predicted  and  experimental 
phase  angles  in  the  after  part  of  the  lower  surface  of  the  blade  is  run-to-run 
variations  in  the  data. 


CPf  - L»u5»nne  L<*80»*rot*f  oe  T*«»rttoor  »«»ueuft  r*  t»t  TuatonACmnn  ?-» 

CmkIwim*  f#r  tM  Firs!  SUMarl  CMflywatiM 

From  the  controlled  excitation  wort  in  traveling  wav*  mode  <•  e  constant 
mt ert lade  phase  angle  between  all  blades)  on  a  ex  thick  compressor  cascade 
with  10*  camber  in  the  low  subsonic  flow  region,  it  can  be  concluded  that 

•  it  is  today  possible  to  predict  accurately  the  aeroelastic  behavior  of  a 
thin,  low  cambered  compressor  cascade  oscillating  in  traveling  wave  mode  in 
low  subsonic  two-dimensional  flow 

•  The  good  agreement  between  the  unsteady  experimental  data  and 
predicted  results  mutually  validates  both  approaches  Where  disagreements 
are  found,  it  is  not  possible  a  priori  to  exclude  either  theoretical  or 
experimental  inaccuracies 

e  For  this  specific  cascade,  the  predicted  time-averaged  results  agree 
better  with  the  data  tf  the  theoretical  incidence  is  slightly  modified  (Fig 
7  t -2)  However,  the  agreement  between  the  time-dependent  predictions  and 
data  is  better  if  the  experimentally  determined  incidence  angle  is  uaad  for 
the  analyses  No  explanation  for  this  apparent  contradiction  has  yet  been 
found  (Fig  7  t-5) 
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e  The  theoretical  models  accurately  predict  the  stability  limits  for  the 
cascade,  using  the  assumption  of  zero  mechanical  damping  (Fig  7  1-3)  The 
shape  of  both  the  theoretical  and  experimental  damping  curves  is  identical, 
but  the  magnitude  shows  disagreement  This  would  be  dangerous  if  a  non-zero 
mechanical  damping  is  assumed  in  a  design  phase,  as  the  different  prediction 
models  would  then  give  different  stability  limits 

•  The  stability  limits  of  the  cascade  (with  zero  mechanical  damping 
assumed)  is  predicted  just  as  well  with  flat  plate  theories  as  with  other 
models  (Fig  7  1-3)  Discrepancies  are  however  present  in  the  magnitude  of 
the  aerodynamic  damping  coefficient  For  conservative  stability  analyses 
(zero  mechanical  damping),  flat  plate  theories  thus  seems  to  be  sufficient  for 
cascades  of  the  kind  used  here 

•  Neglecting  the  blade  geometry  (i  e.  using  a  flat  plate  model)  apparently 
has  an  effect  of  the  same  order  of  magnitude  on  the  aerodynamic  damping  as 
that  of  neglecting  the  incidence  angle  (using  0*  incidence) 


ft'  v  •  A* 


N  ’’fjpnr-Af 


•Mr?*'  J  ^nflo«jr«r j.,n 


ao 


"  '■?  ■''?: rj'1’4  biylt  surface  Df^ure  Jif Terence  coefficient 


•  h.  'h<»  •  i.)t  c'at®  mud*!;  »m3  »t>*  ones  with  the  true  geometry  jqree 
„(.i  ~  «».  tf,„  p  [,k i-.Mi,' y  >»i«  ,y  r.jf  y  the  unsteady  blade  surface 
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•  the  »,r.|  imc'’''itlp  ,r*'>d  i<;  .  ijrrer 1 1 g  predicted  with  all  methods  The 
maqm'uop  -itijhtiij  a  iQQP'a’ed  with  some  ot  them  'especially  the  flat 

pi  y  a  mud*1  J  i 

•  in  most  rase'-  t tie  phase  angle  ♦jj  of  the  unsteady  blade  surface 
pressure  difference  inefficient  predicted  well  Some  disagreements  can 
probably  tie  explained  bg  run-torun  variations  in  the  data  and  by  the  data 
'»doi  Hon  pt  nr  pjgre  for  rakolatinq  Acp  and 

•  f he  small  disagreements  in  aerodynamic  damping  between  theories  and 
experiment  ifiq  7  i  t  S/  ran  sometimes  be  traced  to  dissimilarities  in  the 
amplitude  of  the  blade  surface  pressure  difference  coefficients,  and 
sometimes  to  the  phase  anqles  fftg  7  1-6)  both  for  the  experiments  and  the 
analyses 

e  a  large  part  of  the  aerodynamic  damping  comes  from  the  leading  edge 
region  for  an  accurate  experimental  evaluation  of  this  parameter  it  is 
important  to  measure  the  unsteady  response  close  to  the  leading  edge  (which 
was  done  in  the  experimental  wor*  serving  as  base  for  this  standard 
configuration  1 15|) 

tanttitticni  far  Uit  unsteady  Elate  surface  pressures 

•  The  local  unsteady  blade  surface  pressure  coefficient  on  the  upper  and 
lower  surfaces  is  also  predicted  well  The  amplitude  shows  a  particularly 
good  agreemen;  5?tween  the  experiment  and  the  separate  analyses 

•  The  local  phase  angle  .  ♦p(,s>)  trend  is  captured  well  In  some 
cases  the  magnitude,  especially  for  small  pressure  amplitudes  (i  e  low 
stgnal/notse  ratio  which  might  indicate  data  inaccuracies),  shows  some  slight 
disagreement  between  the  experiment  and  the  analyses  (Fig  7  1-7) 

•  The  largest  disagreement  between  the  experiment  and  the  separate 
analyses  is  found  at  a  0'  interblade  phase  angle  (Fig  7  l-7f,g,h)  This 
behavior  can  perhaps  be  explained  by  the  small  pressure  amplitudes  in  the 
experiments  for  this  interblade  phase  angle  The  analytically  determined 
acoustic  resonances  are  also  close  to  a  O'  interblade  phase  angle,  which 
might  influence  the  theoretical  results 
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7.2  Second  Standard  Configuration 
Oofinitian 

This  incompressible  two-dimensional  cascade  configuration  has  been  mea¬ 
sured  in  a  water  cascade  tunnel  at  the  University  of  Tokyo.  The  results  have 
been  submitted  by  kind  permission  of  H.  Tanaka  [19-20]. 

The  cascade  consists  of  eleven  vibrating  and  six  stationary  double  circular 
arc  profiles.  Each  of  the  blades  has  a  chord  of  c=0.050  m  and  a  span  of  0.100 
m,  with  a  camber  angle  of  16°  and  a  gap-to-chord  ratio  of  1.00.  The  water 
velocity  during  the  tests  was  V|=2.4  m/s,  with  the  Reynolds  number  at 
Re=l2*  10s.  The  eleven  vibrating  blades  oscillate  in  pitch,  with  an  amplitude 
of  0  059  rad  (3.4*)  and  a  frequency  between  1.3  and  13Hz.  Thus,  the  reduced 
frequency  lies  in  the  range  0.1  tot  .O. 

The  cascade  geometry  is  given  in  Figure  7.2-1  and  the  profile  coordinates  in 
Table  7.2-1. 

Experiments  have  been  performed  with  incidence  ranging  from  attached  to 
partly-separated  and  fully-separated  flow.  Further,  the  stagger  angle  as  well 
as  the  interblade  phase  angle  and  pivot  axis  have  been  varied  systematically. 
The  experimental  data  indicate  the  unsteady  lift  and  moment  coefficients 
(amplitudes  together  with  the  corresponding  phase  lead  angles).  These 
coefficients  are  computed  from  strain  gauge  measurements  and  no  time- 
dependent  or  time-averaged  pressures  are  measured  on  the  blade  surfaces. 

Aerwlastlc  Test  Cases 

From  the  large  amount  of  data  obtained  during  the  experiments,  and  from  the 
sample  presented  in  [4,  20]  8  aeroelastic  test  cases  have  been  proposed 
(Table  7.2-2). 

All  8  correspond  to  the  same  steady-state  configuration  (stagger  angle  =  30s, 
inlet  flow  angle  Pi=-30°,  f1t=0),  and  the  Interblade  phase  angle  is  varied. 


MROCLAMiCirr  IN  TURDODACfti HC3 :  Standard  configurations 


Maximum  thickness  at  x  =  0.5 

Vibration  In  pitch  around  (x^y,)  =  (0.5,0.0362) 

d  =  (thickness/chord)  =  0.0524 

a  =  3.4>  (=0.06  rad) 

c  =  0.050  m  pt  =  -30® 

t  =1.00  camber  =  16.8®' 

k  =  0.4  1  =30® 

span  =  0.100  m  a  =  variable 

Working  fluid:  Air 


Fig.  7.2-1.  Second  standard  configuration:  Cascade  geometry 
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Double  Circular  Arc  Blade 
c=0.050  m  (1.968  in.) 


*  {%) 


Suction  surface 

P' assure  surface 

(uppar  surface) 

(lower  surface 

0 

0 

1.644 

■0.404 

2.637 

-0.127 

3.509 

0.1 15 

4.262 

0.326 

4.897 

0.505 

5.416 

0.650 

5.818 

0.764 

6.105 

0.845 

6.272 

0.893 

6.334 

0.910 

6.272 

0.893 

6.105 

0.845 

5.818 

0.764 

5.416 

0.650 

4.897 

0.505 

4.262 

0.326 

3.509 

0.1 15 

2.637 

-0.127 

1.644 

-0.404 

0 

0 

L-E.  and  T.E.  RADIUS 

RADIUS  CENTER  COORDINATES 

L.E.  RAOIUS/c  =  0.666  (%) 

x  =  0.666  (%),  y  =  0  %) 

T.E.  RADIUS/c  =  0.666  (%) 

x  =  0.993  y_=  0  %) 

Table  7.2-1.  Second  standard  configuration:  Dimensionless  airfoil 
coordinates. 
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for  the  moment  only  one  method  (Method  l)  has  been  applied  to  this  standard 
configuration  The  reason  is  the  resemblance  to  the  first  standard 
configuration,  in  which  the  time-averaged  and  time-dependent  pressures  were 
also  measured  on  the  blades 

No  detailed  comparison  between  the  experimental  data  and  the  theoretical 
results  can  therefore  be  made  presently  However,  Fig  7  2-2  gives  an 
indication  of  the  expected  results 

Here  the  predicted  blade  surface  pressure  difference  coefficient  (A^)  is 
presented  for  two  phase  angles  (•=- 1 35* .  0*.  Fif  7  2-2a.b)  together  with  the 
aerodynamic  moment  (lm)  and  damping  coefficient  (S)  versus  the  interDlade 
phase  angle  (Fig  7  2-2c.d) 

it  is  concluded  (Fig  7  2- 2c  d)  that  the  same  trend  exists  for  the  experimental 
data  and  the  results  predicted  with  the  flat  plate  analyses  (Method  I) 


Aeroelaatic 

T  ime- Averaged  Pa  ameters 

Time-Dependent  Parameter* 

Test  Case 

V| 

T 

Pi 

f 

k 

a 

0 

No 

(m/s) 

C) 

C) 

(HZ) 

(-) 

(rad) 

n 

i 

2  4 

300 

-  30 

6.1 

0.4 

0.059 

-  135 

2 

" 

" 

• 

-  90 

3 

" 

-  45 

4 

" 

0 

5 

“ 

" 

♦  45 

6 

" 

" 

♦  90 

7 

- 

“ 

♦  135 

8 

♦  180 

Table  7.2-2  Second  standard  configuration. 

8  recommended  aerolastic  test  cases 
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However,  judging  from  the  theory,  some  scatter  seems  to  be  present  in  the 
ey  penmen  tally  determined  phase  angle  #m.  which  can  most  clearly  be  seen  in 
the  aerodynamic  damping  coefficient  (Fig  7  2-2d)  The  trend  lor  the 
amplitude  of  the  moment  coefficient  shows  a  bettar  agreement  (Ftg  7  2-20 
although  the  flat  plate  theory  predicts  slightly  higher  values  than  the 
measured  ones  This  agrees  with  the  results  from  the  first  standard 
configuration  (compare  Fig  7  1  -3b  end  Fig  7  2-2c> 


/ 


SCCONO  SfRHORRO  CBMMCUWITI9N  CRSCS  1-0. 

acrootnahic  now*  m«o  drwrinc  coimcittm 
I M  DCPCNOCWCe  or  INTEMLROC  e««C  RROLt. 


c)  d) 

7.2-2.  Second  standard  configuration.  Blade  surface  pressure 
difference,  moment  and  damping  coefficients 
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7.3  Third  Standard  Configuration 
Dafinition 

This  quasi  three-dimensional  transonic  turbine  configuration  is  being  tested, 
in  freon,  in  the  annular  test  facility  at  the  Tokyo  National  Aerospace 
Laboratory  The  experiments  are  included  here  by  kind  permission  of  H 
Kobayashi 

This  configuration,  standard  configuration  N*3,  is  used  with  outlet  conditions 
ranging  from  subsonic  to  supersonic  flow  velocities 

The  cascade  configuration  consists  of  16  vibrating  cambered  (60  8°) 
prismatic  turbine  blades  Each  profile  has  a  chord  of  c=0  072  m,  with  a  span 
of  0  025  m  and  a  maximum  thickness-to-chord  ratio  of  0  124  The  stagger 
angle  for  the  results  presented  here  is  45  7*  and  the  pitch-to-chord  ratio  is 
0  763  (hub) 

0  804  (mid-span) 

0  873  (tip) 

The  hub-tip  ratio  in  the  test  facility  is  0  844 

The  profiles  are  oscillated  in  pitching  mode,  around  the  pivot  axis  at 
(0  195,  -0  1097) 

The  cascade  geometry  is  given  tn  Figure  7  3-1  and  the  profile  coordinates  in 
Table  7  3-1 

The  working  fluid  is  freon  gas,  with  the  specific  heat  ratio  =  1  137  (Freon- 
11,  CFCI3) 

Experiments  are  performed  with  a  variable  expansion  ratio  (P2/Pvi,  fy), 
oscillation  frequency  and  interblade  phase  angle  All  experiments  are 
performed  with  constant  spanwise  upstream  flow  angle  and  flow  velocity 
The  time-dependent  instrumentation  includes  pressure  tappings  on  a  blade 
(midspan)  and  strain  gauges  The  unsteady  moment  coefficient  is  determined 
with  torsional  cross  spring  bars 
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Vibration  in  pitch  around  (x„,ya) 

= 

(0.195,-0.1097) 

d 

=  (thickness/chord) 

= 

0.124 

a 

=  0.0172  rad  (nominal) 

k 

= 

variable 

c 

=  0.072  m 

span 

= 

0.025  m 

r 

=  0.763  (hub) 

camber 

60.83® 

0.804  (midspan) 

1 

45  7® 

0.873  (tip) 

hub/tip 

= 

0.844 

"2 

*  variable 

10 

= 

67.5®  (nominal) 

Working  fluid:  Freon- 1 1  (CFC13)  with  specific  heat  ratio  =  1.137 
Fig.  7.3- 1 .  Third  standard  configuration:  Cascade  geometry 
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SUCTION  SURFACE 

PRESSURE  SURFACE 
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_ L 

(Upper  turfact) 

X 

m 

X 

P 

0.0 

0.0 

0.0 

0.0 

-0.073 

-0.0096 

0.0247 

•6.0100 

-0.0113 

-0.0290 

0.0439 

•0.0066 

-0.00  SI 

-0.0467 

0.0711 

-0.00-3 

0.0102 

-0.0690 

0.0932 

-0.0144 

0.0296 

-0.0916 

0.1213 

-0.0265 

0.0462 

-0.1060 

0.1476 

-0.0356 

0.0666 

•0.1240 

0.1742 

•0.1434 

0.0667 

•0.1364 

0 .2014 

-0.0502 

0.1117 

•0.1306 

0.2269 

-0.0336 

0.1336 

•0.1610 

0.2363 

-0.0601 

0.1606 

-0.1693 

0.2640 

-0.1637 

0.1664 

-0.1749 

0.3119 

-0.0660 

0.2122 

•0.1761 

0  JS9S 

-0.0674 

0.23S4 

-0.1797 

0.3676 

-0.0676 

0.2S64 

-0.1600 

0.3691 

-0.0669 

0.2614 

-0.1793 

0.4113 

-0.0662 

0.3046 

-0.1772 

0.4329 

-0.0637 

0.3274 

-0.1743 

0.4347 

-0.0646 

0.3432 

-0.1719 

0.4763 

-0.0639 

0.3391 

-0.1692 

0.4962 

-0.0623 

0.3746 

-0.1637 

0.5201 

-0.0613 

0.3904 

-0.1621 

0.3419 

-0.0596 

0.4036 

-0.1360 

0.5633 

-0.0379 

0.4606 

•0.1396 

0.3630 

-0.0562 

0.SSS2 

•0.1206 

0.6069 

-0.0540 

0.6291 

-0.1016 

0.6263 

-0.0519 

0.7036 

-0.0629 

0.6302 

-0 .0497 

0.  '760 

-0.0640 

0.6721 

.0.04-0 

0.6325 

-0.0432 

0.6939 

.0.0446 

0.9270 

-0.0264 

0.7152 

.0-0419 

1.0 

-0.0073 

0.7366 

0.7363 

-0.0366 

-0.0359 

0.7966 

-Q .0295 

0.6367 

-0.0237 

0.6792 

-0.0176 

0.U195 

-0.0118 

0.9597 

-0.0060 

1.0 

0.0 

Table  7.3-1.  Third  standard  configuration:  Dimansionless  airfoil 
coordinates  (spanwise  identical). 
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’V  iivteady  pressures  ar*  measu  red  ■» » t  h  a  high-response  pres-Jre 
transducer  located  outside  the  test-rig  and  a  calibration  (or  loss*-  '  ■ 
ot  trequency  and  amplitude  in  the  pneumatic  tubes4  s  pertormed 

Aeroeiastic  Test  Cases 

imm  the  result*  obtained  (rom  these  experiments  9  eeroeiastic  'es1  cases 
nave  been  proposed  by  h  icobayeshi  lor  oft -design  calculation  '46!  These 
were  defined  after  the  Cambridge  Symposium  and  therefore  do  not  correspond 
with  those  presented  in  j4|  The  data  were  also  received  late  in  the  project 
and  for  the  present  no  attempt  has  been  made  to  calculate  the  aeroeiastic 
behavior  of  this  standard  configuration  Therefore  only  the  experimental  data 
are  included  here  without  theoretical  results  it  has  thus  not  been  possible 
to  validate  either  the  time -averaged,  or  the  time -dependent  data9 10 
The  aeroeiastic  test  cases  proposed  by  H  tc Obayashi  are  given  in  Table  7  3-2 
The  corresponding  time-averaged  and  time -dependent  data  are  presented  >n 
fiqs  7  3-2  and  7  3-3  respectively  and  in  Fig  7  3-4  the  measured 
aerodynamic  damping  coefficient  is  given  in  dependence  of  the  reduced 
frequency 


9  Details  about  the  cascade,  instrumentation  and  data  reduction  was 
presented  by  H  Kobayashi  at  the  1984  Cambridge  Symposium  on  Aeroelasttcity 
[451 

10  The  comparison  with  theoretical  results  will  be  especially  interesting  as 
the  idea  to  use  pneumatic  tubes  for  the  unsteady  pressure  responses 
significantly  reduces  the  experimental  costs  (see  [45]  for  details) 
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_ 
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66 

Table  7.3-2.  Third  standard  configuration:  9  recommended  aeroeiastic 
test  cases  (Fluid  used  is  Freon- 1 1;  all  values  are  at  midspan) 


AD-A181  763 


UNCLASSIFIED 


ELASTICITY  IN 

SStKal  and.e: 


AND  EXPI 
LAUSANNl 
AL,  198c 


ECHNIQUE 

F/G  13/7 


ct-r-Lauieftiir,  L«DUK«iuiKt  L>t  IHEPilftiOE  APPuuUEE  ET  Oi  TUR6uM«CHINES 


c  .  .072* 
r  i  .son 
1  «  US.  7 
«.i  .  195 
r«t  -.MO 
M. ,  .303 


PLOT  7.3-2. 1.  tHIAO  STRNOAAD  CONF 1GUAAT ION  .  CASE  I. 

KACNI TUOE  AMO  PHASE  LEAD  Of  UNSTEAOT  BLADE 
SUAFACC  FACSSUAE  COEFFICIENT. 

i>.in  rtiCM  xooi .mhatim  wmio  uFsr«f« n  or 


PLOT  7. 3-2. 2,  THIAO  $TANQAAO  CONF 1CUAAT ION  .  CASE  2- 

HAGNJTUDE  AND  PHASE  LEAO  OF  UNSTEAOT  BLADE 
SOBFACE  PAESSUAE  COEFFICIENT. 

N  "OOt.i  •  '•  • 


c  . 

•  072M 

T  j 

.804 

T  • 

45.7 

*«* 

.  195 

y« » 

-.110 

",  . 

.339 

P,' 

-1.1 

1  I 

Mf  , 

1.292 

ft- 

*56.  1 

V 

- 

hT  i 

- 

«  l 

.0172 

L>  t 

157 

k  : 

.031 

8  t 

- 

o  t 

67.5 

d  i 

.  129 

-180.  - 

— 

STABLE  " 

-80. 

®"-s' 

♦90. 

UNSTABLE* 

♦  I  BO.  - 

— 

PLOT  7.3-2.3i  THIAO  STAN0AAC  CB**F ICUAAT ION  .  CASE  3. 

RA&MlTUt  .  AMO  PHASE  LEW)  OF  UNSTEADY  BLAOE 
SURFACE  PAESSUAE  COEFFICIENT. 


PLOT  7.3-2.4i  TMIAO  5TAM0AA0  CONf IGUAAT ION  .  CASE  4. 

MAGNITUDE  AMO  PHASE  LEAD  OF  UNSTEAOT  8LA0E 
SUAFACE  PAESSUAE  COEFFICIENT. 


Fig.  7.3-3.  Continued  on  next  page 
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PLOT  7.3-2.5»  THIRD  STANDARD  CONFIGURATION  ,  CASE  5. 

HACNITUOE  AND  PHASE  LEAD  OF  UNSTEAOT  8LA0E 
SURFACE  PRESSURE  COEFFICIENT. 


PLOT  7.3-2.6i  THIRD  STANOARO  CONFIGURATION  .  CASE  6. 

MAGNITUDE  AND  PHASE  LEAD  OF  UNSTEAOT  BLADE 
SURFACE  PRESSURE  COEFFICIENT. 


’LOT  7. 3-2. 7,  THIRD  STANDARD  CONE IGURAf (ON  .  CASE  7. 

MAGNITUDE  AND  PHASE  LEAO  OF  UNSTEAOT  BLADE 
SURFACE  PRESSURE  COEFFICIENT. 


PLOT  7.3-2.0t  THIRD  STANOARO  CONFIGURATION  .  CASE  0. 

MAGNITUDE  AND  PHASE  LEAO  OF  UNSTEAOT  OlAOt 
SURFACE  PRESSURE  COEFFICIENT. 
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Fig.  7.3-3.  Continued  on  next  page. 
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I) 

Fig.  7.3-3.  Third  standard  configuration.  Time-dependent  blade  surface 
pressure  distribution  for  the  nine  aeroelastic  test  cases 
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7.4  Fourth  Standard  configuration  (Cambered  Turbine  Cascade  in 
Transonic  Flow) 

Definition 

Quasi  three-dimensional  cascade  experiments  on  high  toad  turbine  rotor 
sections  are  being  performed  in  the  annular  cascade  facility  at  the  Lausanne 
Institute  of  Technology  [22].  The  experimental  data  have  been  made  available 
by  Brown  Boveri  &  Co  and  are  included  in  the  present  report  by  kind 
permission  of  A.  Boles  [21-25] 

The  fourth  standard  configuration  is  of  interest  mainly  because  it  represents 
a  typical  section  of  modem  free  standing  turbine  blades.  This  type  of  airfoil 
has  relatively  high  blade  thickness  and  camber  and  operates  under  high 
subsonic  flow  conditions.  It  normally  exhibits  flutter  instabilities  in  the 
first  bending  mode 

The  cascade  configuration  consists  of  20  vibrating  prismatic  blades,  each 
with  a  chord  of  c=0  0744  m  and  a  span  of  0  040  m,  with  45®  turning  and  a 
maximum  thickness-to-chord  ratio  of  0  17 

The  stagger  angle  is  56  6®,  with  the  pitch-to-chord  ratio  of  the  cascade 
0.67  (hub) 

0  76  (midspan) 

0.84  (tip) 

The  hub-tip  ratio  in  the  test  facility  is  0.8 

The  cascade  geometry  is  given  in  Figure  7  4-1  and  the  profile  coordinates  are 
tabulated  in  Table  7  4-1. 

Experiments  are  performed  with  variable  inlet  flow  velocity  and  angle  (Hi,  0, 
expansion  ratio  (P2/p*i,  M2),  vibration  mode,  oscillation  frequency  and 
interblade  phase  angle  All  the  experiments  presently  being  performed  have 
constant  spanwise  flow  conditions  upstream. 

The  time-averaged  instrumentation  consists  of  static  pressure  tappings  on 
the  outer  and  inner  tunnel  walls,  as  well  as  blade  surface  pressure  tappings 
(14  on  pressure  surface,  15  on  suction  surface.  Table  7.4-2)  on  two  adjacent 
blades  The  inlet  flow  conditions  are  determined  by  wedge  probe  traverses 
0  09  chord 

lengths  upstream,  in  the  axial  direction,  of  the  midspan  leading  edge  plane 
The  outlet  flow  angle  is  determined  using  cone  probe  traverses  and  the  outlet 
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"isentropic1'  Mach  number,  in  the  present  test  cases,  was  calculated  from  a 
linear  interpolation  in  the  static  pressures  measured  on  the  outer  (tip)  and 
inner  (hub)  walls,  together  with  upstream  stagnation  pressure. 

The  outlet  conditions  are  measured  1  14  chordlengths  downstream  of  the 
trailing  edge  plane  (in  the  axial  direction,  at  midspan). 

Boundary  layer  suction  is  performed  at  three  different  locations,  both  on  the 
inner  and  outer  walls.  The  first  is  located  just  downstream  of  the  inlet  guide 
vanes,  the  second  1.3  chordlengths  upstream  (in  the  axial  direction)  of  the 
blade  leading  edge  plane,  and  the  third  1.2  chordlengths  downstream  of  the 
blade  trailing  edge  plane  (in  the  axial  direction).  This  last  suction  is  applied 
only  at  the  outer  wall. 

The  experimental  accuracy  of  the  steady-state  data  presented  herein  are 
estimated  to  be  approximately  ±1°  in  the  flow  angles1'  and  approximately 
♦0  01  in  the  Mach  numbers.  It  is  also  possible  that  the  inlet  flow  angle  may 
not  correspond  exactly  to  the  one  at  infinity  upstream,  as  it  is  measured  less 
than  0  1  chordlengths  upstream  of  the  leading  edge  plane. 

The  stationary  three-dimensional  shock  structure  in  the  cascade  has  been 
visualized  with  laser  holography  124],  and  the  same  profiles  have  been  tested 
(in  steady  state  conditions)  in  a  linear  test  facility  [251  In  the  latter 
investigation  high-speed  Schlieren  visualization  was  performed 
The  time-dependent  instrumentation  consists  of  1 1  high  frequency  response 
pressure  transducers,  6  on  the  suction  surface  and  5  on  the  pressure  surface 
on  two  neighboring  blades  (Table  7  4-2)  The  blade  vibrations  are  determined 
with  straingauges  (on  each  blade). 

All  the  blades  in  the  cascade  are  vibrated  with  an  electromagnetic  excitation 
mechanism  (261,  which  allows  for  variation  of  the  blade  vibration  amplitude, 
frequency  and  interblade  phase  angle 

The  time-dependent  data  are  registered  on  an  analog  tape  recorder  and 
processed 

off-line,  with  acceleration  correction  of  the  pressure  transducer  response 
The  data  reduction  follows  with  a  cross-correlation  technique  [27,  281  (data 
reduction  method  ’c"  in  section  4.4)  and  the  experimental  accuracy  for  all 
unsteady  values  is  evaluated  with  a  95*  confidence  interval  This  method  is 
briefly  reported  in  Appendix  A4. 


1 1  The  probe  support  c  stems  showed  some  drift,  and  the  tests  are 
scheduled  to  be  repeated. 
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Subaonic/Transontc  tirhlne  Profiles. 


cascade  leading 
edge  plane 


| 

mm 

_ 

. 

■  '  1' 

nn 

Warn 

MM 

1  1 

9HR 

sss 

e  surfa 

mm 

■IB 

SB 

tm 

HH 

a 

mu 

HH 

SB 

am 

ms 

s 

SB 

s 

m 

HI 

~r  i  j  i  i 

0  0.2  0.4 

x  0;6 

Vibration  in  first  bending  mode  t 

i  =  60.4" 

d  =  (thickness/chord) 

=  0.17 

7  =  56.6" 

k  =  variable 

C  =  0.0744  m 

span  =  0.040  m 

T  =  0.67  (hub) 

camber  =  45." 
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Fig.  7.4- la.  Fourth  standard  configuration:  Cascade  geometry 
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•  Unsteady  pressure  transducers 


Fig.  7.4-Ib.  Fourth  standard  configuration:  Location  of  pressure 
measurements  on  blade  surfaces. 
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.333 
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.363 
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.337 
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-.043 

.433 

-.031* 
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-.032 
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-.136 
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-.123 
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-.110 
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Table  7.4- 1 .  Fourth  standard  configuration:  Dimensionless  alrfotl 
coordinates  (spanwlse  identical). 
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Location  Type  of  pressure  measurement 

x  US/TA  US/TD  LS/TA  IS/TD 


0.01 

- 

- 

X 

- 

0  04 

X 

- 

X 

- 

0  10 

X 

X 

X 

X 

0.17 

X 

- 

X 

- 

0.24 

X 

- 

X 

X 

0.30 

X 

X 

X 

- 

0  37 

X 

- 

X 

- 

0.44 

X 

- 

X 

X 

0.50 

'  X 

X 

X 

- 

0.57 

X 

- 

X 

X 

0  64 

X 

X 

X 

- 

0  71 

X 

- 

X 

X 

0  77 

X 

- 

X 

- 

0  84 

X 

X 

X 

X 

0  91 

X 

- 

X 

- 

1  00 

X 

- 

X 

- 

US/TA  Upper  surface,  time-averaged 

US/TD  Upper  surface,  time-dependent 

LS/TA  Lower  surface,  time-averaged 

LS/TD:  Lower  surface,  time-dependent 


Table  7.4-2  Location  of  blade  surface  pressure  measurements 
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Aeroelastic  Test  Cases 

A  large  amount  of  data  (approximately  250  aeroelastic  cases)  has  been 
obtained  to  date  [221.  Of  these,  8  have  been  selected  as  test  cases  for  the 
fourth  standard  configuration  [21],  These  cases  treat  all  vibration  in  the  first 
bending  mode,  with  a  vibration  frequency  of  f=150Hz  and  a  vibration  direction 
of  60  4°  (see  Fig.  7.4-1). 

The  8  aeroelastic  test  cases  are  presented  in  Table  7.4-3.  The  variation  over 
outlet  Mach  number  for  a  -90°  interblade  phase  angle  was  chosen  as  the 
cascade  here  shows  a  slight  instability  for  transonic  flow  conditions. 


Time- Averaged  Parameters 

Time-Dependent 

Parameters 

Aeroe'astic 

Mi 

Pi 

M2is 

P2 

V 

k 

h° 

6 

Test  Case 

(-) 

(°) 

(-) 

C) 

(°) 

(-) 

(-) 

C) 

1 

0.19 

-  45 

0  58 

-  71 

-  90 

0.168 

0.0038 

60 

2 

0.26 

*• 

0.76 

- 

0.128 

" 

3 

0.28 

0.90 

" 

0.107 

" 

4 

0  29 

1.02 

- 

0  095 

0  0033 

5 

* 

1.19 

0.062 

0.0038 

6 

0.28 

0.90 

♦  180 

0.107 

0.0033 

7 

- 

" 

♦  90 

8 

0 

Table  7.4-3.  Fourth  Standard  Configuration. 

8  Recommended  Aeroelastic  Test  Cases 
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Discussion  of  Time-Averaged  Results 

The  8  proposed  aeroelastic  test  cases  include  5  separate  stationary  flow 
conditions  at  nominal  flow  angle,  with  outlet  flow  Mach  number  varying  from 
subsonic  to  supersonic  conditions.  These  results  are  given  in  Figures  7  4-2, 
together  with  predicted  results  from  Method  7.  Furthermore,  results  are 
presented  from  a  two-dimensional  steady-state  time-marching  code  by  Denton 
((41,  42),  indicated  as  Method  99  in  the  figures). 

The  good  agreement  in  the  results  presented  indicates  that  both  the 
calculations  and  the  experiments  are  of  high  quality.  The  differences  in  the 
forward  30%  of  the  blade  may  probably  be  explained  either  by  inaccuracy  in 
the  experimentally  determined  inlet  flow  angle  and/or  by  a  stream  tube 
height  variation  in'  the  experiments.  It  should  be  pointed  out  here  that  the 
results  of  Method  7  have  been  obtained  by  adjusting  the  stream  tube  height  so 
as  to  adapt  the  computed  outlet  conditions  to  the  measured  ones,  while 
Method  99  is  a  two-dimensional  model. 

The  mutual  validation  of  both  the  experiments  and  the  computations  can  also 
be  seen  from  Figure  7.4-3,  where  an  example  of  experimental  data  from  the 
annular  facility  (with  span/chord  =  0  54)  123]  are  compared  to  data  from  a 
linear  test  facility  (span/chord  =  1  06)  125),  both  at  midspan,  and  to  computed 
results  from  the  two-dimensional  Denton-code  [42], 

However,  there  seems  to  be  some  ambiguity  about  the  outlet  flow  conditions. 
The  outlet  'isentropic'  Mach  number  is  determined  experimentally  from  the 
local  static  pressure  (linear  interpolation  between  the  inner  and  outer  channel 
walls),  which  includes  losses,  and  the  upstream  stagnation  pressure  As  the 
static  pressure  contains  losses,  this  value  is  not  the  true  isentropic  value 
which  might  be  found  from  an  inviscid  flow  computation.  However,  the 
computed  flow  angles  seem  to  be  within  the  experimental  accuracy  although 
some  stream  tube  height  variation  (up  to  15%  in  some  cases)  is  introduced  in 
Method  7. 

The  agreement  between  the  different  theoretical  models  and  the  experimental 
data  for  the  aft  portion  of  the  blade  is  best  for  the  subsonic  flow  conditions. 
In  the  transonic  and  supersonic  ranges,  reflections  of  shock  waves  on  the 
blade  suction  surface  are  not  predicted  by  the  theories,  although  the  sonic 
transition  is  captured  well.  This  is  seen  especially  in  Fig.  7.4-2e  where  the 
sharp  decrease  in  blade  surface  Mach  number  at  50%  chord  is  due  to  such  a 
reflection.  Furthermore,  the  second  small  decrease  in  Mach  number 
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Fig.  7.4-2.  Fourth  standard  configuration. 
Time-averaged  blade  surface 
isentropic  Mach  number  distribution 

for  outlet  Mach  numbers 

M2i,  =  0.58.  0.76.  0.90,  1 .02,  and  1 .19 


(at  xz0.75)  is  due  to  the  reflection  of  the  first  shock  on  the  wake  of  the 
neighboring  blade  (see  Schlieren  picture  Fig.  7.4-6c),  and  can  hardly  be 
predicted  by  present  theoretical  models. 

Discussion  of  Time-Dependent  Results 


Before  the  comparison  between  the  experimental  data  and  the  theoretical 
results  is  given,  the  influence  of  the  ambiguity  in  the  inlet  flow  angle  on  the 
time-dependent  blade  surface  pressure  responses  should  briefly  be  clarified 
It  was  concluded  from  Figures  7.4-2  and  7.4-3  that  the  theoretical  models 
and  the  experimental  steady-state  data  showed  some  discrepancies  in  the 
forward  30&  of  the  blade,  which  probably  appear  because  of  an  inaccuracy  in 
the  experimentally  determined  steady-state  inlet  flow  angle.  Such  a 
difference  may  significantly  influence  the  aeroelastic  response  for  some 
cascades 
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X 


Annular  test  facility  /23/ 
M,=0. 19  Mi  =0.29;  P,=-23«;  M^l  .62 


Linear  test  facility  /25/ 
Ml  =0.22;  Pi=-20°;  M^l.68 


Schlieren  from  linear  test 
facility  /25 / 

M,  =  0.23,  Pi  =  -  20°,  M2=  (  .68 


Comparison  of  experimental  data  rrom  the 
annular  test  facility  with  two  numerical 
methods ' 


Fig.  7.4-3.  Steady-state  flow  from  tests  in  an  annular  test  facility 
/23/,  linear  test  facility  /25/  and  from  two-dimensional  flow 
calculations  /42/  at  an  inlet  flow  angle  of  p,=(-20«*  to  -23°). 
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It  can,  however,  be  concluded  from  Figures  7.4-4  and  7  4-5  that  this  is  not 
the  case  around  the  nominal  incidence  angle,  for  the  aft  90*  of  the  turbine 
blade  presented  here  (the  first  pressure  transducer  is  situated  at  x  =  0.101) 
In  Fig  7  4-4  the  measured  time-dependent  pressure,  normalized  with  the 
upstream  stagnation  pressure,  is  represented  along  the  chord  for  two  inlet 
flow  angles  (-39°  and  -45°)  for  a  subsonic  outlet  Mach  number  (M=0  6)  It  is 
seen  here  that  the  amplitude  of  the  pressure  fluctuation  is,  within  the 
accuracy  of  the  experiments,  independent  of  an  eventual  error  in  the 
experimental  inlet  flow  angle,  both  for  the  pressure  and  suction  surface 
(Apj=6°).  This  is  also  true  for  the  phase  angle  on  the  blade  lower  (suction) 
surface.  The  phase  angle  on  the  pressure  side  indicates  instead  a  somewhat 
higher  value,  up  to  about  x=0.4,  for  the  case  with  the  higher  (negative)  flow 
angle  (inlet  angle  t  -45°)  However,  the  pressure  amplitude  is  small  in  this 
part  of  the  blade  and  the  inaccuracy  in  the  determination  of  the  phase  angle 
is  thus  fairly  large12  The  absolute  difference  in  the  phase  angles  can  thus 
vary  somewhat. 

In  the  case  of  a  supersonic  outlet  velocity,  the  same  representation  (Fig  7.4- 
5)  indicates  that  the  pressure  amplitude  on  the  upper  (pressure)  surface  is 
fairly  independent  of  an  experimental  inaccuracy  in  the  inlet  flow  angle. 
Again,  the  higher  (negative)  flow  angle  (inlet  flow  angle  =  -45°)  shows  a 
higher  phase  value  in  the  forward  part  of  the  blade 

On  the  blade  suction  (lower)  surface,  the  pressure  response  is  influenced  by 
shock  waves  in  the  blade  passage.  The  steaoy-state  shock  position  is,  as 
expected,  the  same  for  both  inlet  flow  angles  (Fig.  7  4-6,  x,hoc)(  =  0  45). 
Upstream  of  this  position,  the  unsteady  pressure  coefficient  phase  angles 
(♦pus,  ♦p'*)  are  close  to  the  ones  at  the  subsonic  Mach  number  (M2i}  =  0.6,  Fig 
7.4-4),  but  change  suddenly  as  response  to  the  shockwave  impinging  upon  the 
blade  surface  (Fig.  7.4-5,  see  also  Schlleren  picture  in  Fig  7,4-6c). 

However,  the  phase  angles  for  both  incidence  angles  are  close  to  each  other 
also  in  the  vicinity  and  downstream  of  the  shock,  apart  from  the  transducer 
at  x=0.71  for  180°  interblade  phase  But  here  the  pressure  amplitudes  are 
small,  which  again  gives  greater  inaccuracy  in  the  phase  angle. 

It  can  thus  be  concluded  that,  although  a  certain  ambiguity  exists  in  the 
absolute  value  of  the  inlet  flow  angle,  3  small  variation  around  the  nominal 
inlet  angle  (=  -44°)  does  not  seem  to  influence  significantly  the  unsteady 
experimental  blade  surface  pressure  response,  from  x=0.l  onwards  Obviously, 


12  This  phenomenon  is  explained  in  more  detail  in  the  following  sections, 
see  e  g.  Fig  7  4-8. 
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c)  Schlteren  picture  from  a  linear  test  facility  /25/.  (5t=-20°;  1.16 
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Fig.  7.4-6.  Time-averaged  flow  for  1^=1 .2 
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a  change  in  incidence  angle  will  influence  the  unsteady  response  closer  to  the 
leading  edge 

Care  should  still  be  taken  when  comparing  the  amplitude  of  the  unsteady 
pressure  coefficient,  acp  This  coefficient,  as  can  be  seen  from  eg  (3),  is 
normalized  with  the  steady-state  dynamic  pressure  (ivi  -  Pi),  which  is 
dependent  on  the  inlet  flow  angle 

Integrated  values 

The  number  of  pressure  transducers  on  the  blades  (6  on  the  suction  surface,  5 
on  the  pressure  surface)  is  not  enough  to  determine  the  blade  force  and 
aerodynamic  damping  coefficients  accurately.  However,  as  long  as  the 
unsteady  pressure  response  along  the  blade  is  smooth  (see  for  example  Fig. 
7  4-4)  the  trend  of  the  integrated  values  should  be  correct  although  the 
magnitude  will  be  inaccurate,  depending  especially  on  the  pressure  response 
close  to  the  leading  edge. 

in  Fig  7  4-7a  the  aerodynamic  damping  coefficient  is  presented  as  a  function 
of  the  interblade  phase  angle  for  two  different  inlet  flow  angles.  For  an  inlet 
flow  angle  of  -10°  the  tests  have  been  performed  with  a  variation  of  18° 
interblade  phase  angle.  The  aerodynamic  damping  coefficient  is  represented 
together  with  the  experimentally  determined  95*  confidence  interval  (see 
Appendix  A4).  The  sinusoidal  shape,  as  also  seen  for  the  first  and  second 
standard  configurations,  is  recognized,  although  with  some  higher  harmonics 
It  is  concluded  that  the  cascade  shows  instability  for  some  interblade  phase 
angles  at  an  outlet  Mach  number  of  M2iS=0.9. 

In  the  same  diagram  the  four  interblade  phase  angles  defined  as  aeroelastic 
test  cases  (0®,  90®,  180®,  270°)  for  a  -45°  inlet  flow  angle  are  presented 
Also  at  this  flow  angle  the  cascade  shows  instability  in  the  region  of  a  270® 
interblade  phase  angle. 

The  same  sinusoidal  form  is  also  recognized  for  other  outlet  flow  velocities 
(Fig.  7  4- 7b)  Here  it  is  also  noted  that,  as  already  seen  in  Fig.  7.4-7a,  the 
cascade  is  unstable,  in  subsonic  flow,  for  interblade  phase  angles  around  270® 
(=-90®)  However,  for  a  supersonic  outlet  Mach  number  of  M2iS=l  19  the 
aerodynamic  damping  coefficient  indicates  instead  a  stable  blade  vibration  at 
this  interblade  phase  angle.  This  phenomenon  which  is  also  present  for  other 
flow  angles,  will  be  discussed  at  the  same  time  as  the  local  blade  surface 
pressures 

Up  till  now,  only  two  methods  (N°  10.  semi  actuator  disk  theory,  N°  7,  finite 
element,  potential  flow)  have  been  applied  to  calculate  the  aerodynamic 
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a)  Aerodynamic  damping  coefficient  for  two  different  inlet  flow 
angles  at  M2i3=0.90. 
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b)  Aerodynamic  damping  coefficient  for  different  outlet  isentropic  Mach 
numbers  at  an  inlet  flow  angle  of  -45* 

Fig.  7.4-7.  Experimentally  determined  aerodynamic  damping  coefficient 
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damping  coefficient.  These  results  are  given  in  Fig.  7.4-8,  together  with  the 
experimental  data  (including  95*  confidence  interwals)  for  the  8  aeroelastic 
test  cases  selected.  It  can  be  seen  that,  by  comparing  Fig.  7.4-8a  and  c,  the 
shape  of  the  aerodynamic  damping  coefficient  versus  the  interblade  phase 
angle  is  similar  for  both  theory  and  experiment.  The  results  of  Method  7  and 
the  data  agree  well,  apart  from  at  f=90°.  However,  the  maximum  damping 
value  is  not  reached  at  the  same  interblade  phase  angle  for  Method  10,  and 
the  predicted  results  for  this  method  are  one  order  of  magnitude  larger  than 
the  measured  ones. 

The  experimentally  determined  aerodynamic  damping  coefficient  versus  the 
outlet  Mach  number,  for  e=-90°,  agree  well  with  the  results  predicted  by 
Method  7  (Fig  7  4-8b).  However,  the  shape  for  Method  10  does  not  agree  with 
the  data  (figs  7.4-8b,d). 

Although  the  order  of  magnitude  of  the  damping  coefficient  is  the  same  for 
both  the  Method  10  and  the  experiment,  the  theory  predicts  a  stable  vibration 
for  subsonic  Mach  numbers,  whereas  the  experiments  (and  Method  7)  indicate 
a  stability  for  the  supersonic  Mach  number  Instead.  At  present  the  reason  for 
this  discrepancy  is  not  clear,  and  the  author  of  Method  10  believes  that  the 
effect  of  blade  camber  in  the  semi-actuater  disk  theory  should  be  validated 
1561.  Obviously,  an  inaccuracy  in  the  experimental  results  cannot  be  excluded 
a  priori  but  the  experimental  data  agree  well  with  results  from  Method  7  ,  so 
it  is  probable  that  the  experiments  are  correct  in  trend  and  order  of 
magnitude  of  the  aerodynamic  damping  coefficient 

The  reason  for  the  discrepancy  between  experiment  and  Method  7  at  90° 
interblade  phase  angle  is  found  by  examining  the  local  blade  surface 
pressures,  and  will  be  discussed  in  that  section. 
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Experimental  data  (with  95X  confidence  interval)  and  predicted  results. 


-180  0  a  +180  0  0.5  1.0  M2js15 

c)  Predicted  (Method  10)  d)  Predicted  (Method  10) 


Fig.  7.4-8.  Experimental  aerodynamic  damping  coefficient  together 
with  predicted  results  from  Methods  7  and  10. 
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Blade  Surface  Pressures 


Theoretical  results  from  one  method  (N®  7)  have  been  obtained  for  this 
standard  configuration.  In  general,  data  and  the  predicted  results  agree  well 
(Fig  7  4-9),  both  as  regards  the  amplitude  and  the  phase  angle  of  the 
pressure  coefficient  cp(x,t)  along  the  blade  chord. 

The  experimental  accuracy,  represented  in  Fig  7  4-9  as  a  95%  confidence 
interval  (see  Appendix  A4),  shows  as  expected  that  the  uncertainty  in  the 
measured  phase  angle  is  greater  when  the  pressure  amplitude  is  smaller 
Considering  this  confidence  interval,  the  data  and  the  prediction  agree 
extremely  well  for  the  subsonic  cases  (Fig  7  4-9a,b,c,  compare  Fig.  7  4-2a,b, 
c  for  steady-state  blade  surface  distribution)  at  -90®  interblade  phase  angle. 
This  is  true  for  both  the  amplitude  and  the  phase  angle 
Especially  interesting  to  note  is  that  the  trend  is  correct  for  all  cases  On 
the  pressure  (upper)  surface  of  the  blade  the  only  notable  exception  is  the 
first  pressure  transducer  (x=0.1)  which  indicates  a  low  pressure  amplitude, 
whereas  the  theory  predicts  a  higher  value  here 

Towards  the  trailing  edge  (last  transducer  at  84%  chord)  both  theory  and 
experiment  predict  an  increase  in  the  unsteady  pressure  amplitude  on  the 
pressure  surface  The  value  here  approaches  the  magnitude  of  the  pressure 
amplitude  around  the  20%  chord  on  the  blade  suction  surface  This  can 
possibly  be  explained  by  the  fact  that  the  last  transducer  on  the  pressure 
surface  and  the  second  on  the  suction  surface  are  both  situated  in  the  vicinity 
of  the  throat  (see  Fig  7.4- lb),  and  that  the  aerodynamic  coupling  effects  are 
therefore  high  It  can  also  be  seen  that  the  phase  angles  in  these  two 
positions  are  fairly  close  together  (e  g  *pu3  (x=0  84)  =  +170®,  ♦p’3(x-0  24)  = 
♦  160®  in  Fig  7  4-9a) 

The  same  conclusions  can  also  be  drawn  from  other  phase  angles,  as  long  as 
the  flow  is  subsonic  (Fig.  7  4-9f,g,h  for  180®,  90®,  0®  respectively),  apart 
from  the  phase  angles  with  in-phase  blade  motion  (Fig  7  4-9h).  In  this  last 
case  the  experimental  and  theoretical  results  show  instead  a  discrepancy  of 
the  order  of  90®  or  more,  and  the  experimental  data  on  the  suction  surface 
show  some  fairly  large  irregularities.  The  phase  shift  of  180®  between  the 
two  pressure  tranducers  located  at  x=0  24  and  x=0  44  is  particularly 
interesting  The  same  phenomenon  is  found  also  for  all  ether  inlet  flow  angles 
and  outlet  flow  velocities  investigated  1231,  but  no  explanation  for  this  has 
yet  been  put  forward  However  it  should  be  noted  that  the  unsteady  pressure 
signals  at  *=0®  are  weak,  and  the  confidence  interval  is  large  for  almost  all 
pressure  transducers 
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Thf  reason  for  the  difference  in  aerodynamic  damping  coefficient  between 
experiment  and  Method  7  at  a=90°,  as  found  in  Fig  7  4-8a,  can  now  be 
explained  on  the  basis  of  Figs  7  4-9  It  is  here  seen  (Fig  7  ,4-9g)  that  the 
theory  predicts  a  somewhat  higher  pressure  value  along  the  whole  suction 
surface  than  the  experiment  for  this  interblade  phase  angle  The  phase  angles 
are  predicted  just  as  well  for  s=90°  as  for  other  phase  angles,  wherefore  the 
difference  in  2  can  be  attributed  to  differences  in  the  pressure  amplitude 
However,  no  explanation  for  why  the  difference  in  cp(U3>  between  experiment 
and  theory  is  larger  for  e=90°  than  for  other  interblade  phase  angles  is 
presently  put  forward 

As  the  back  pressure  is  lowered  towards  transonic  and  supersonic  outlet 
velocities  the  unsteady  pressure  amplitude  and  phase  angle  on  the  pressure 
surface  do  not  significantly  change  from  the  result  in  the  subsonic  cases  (Fig 
7  4-9d,e).  On  the  other  hand,  larger  differences  are  notable  on  the  suction 
surface 

First  of  all  it  is  concluded  from  Fig.  7.4-2d  and  7  4-9d  that  the  transition 
from  subsonic  to  supersonic  flow  on  the  blade  suction  surface  (x=0  45) 
introduces  a  phase  shift  in  the  unsteady  pressures  for  a  transonic  outlet 
condition  (M2j3=1.02)  at  a  -90°  interblade  phase  angle.  This  shift  is  present 
both  in  the  experimental  and  theoretical  results,  although  to  a  larger  extent 
in  the  experiment  Aft  of  the  sonic  transition  the  theory  indicates  an  increase 
in  the  unsteady  pressure  amplitude,  which  is  not  seen  in  the  experiment 
Towards  the  trailing  edge  both  the  theoretical  and  experimental  pressure 
amplitude  increases  probably  due  to  the  presence  of  a  shock  wave,  although 
not  on  the  same  scale.  It  should  however  again  be  noted  that  the  last  pressure 
transducer  is  situated  at  84*  chord  and  the  experiments  indicate  that  the 
shock  at  an  isentropic  outlet  Mach  number  of  fl2jS=1.02  is  situated  somewhat 
closer  to  the  trailing  edge  (Fig  7.4-10). 

Again,  as  in  the  subsonic  cases,  the  experimental  increase  in  pressure 
amplitude  towards  the  pressure  surface  trailing  edge  is  larger  than  the 
theoretically  determined  one  The  pressure  surface  phase  angle  (♦pliS)  is, 
however,  well  predicted  (Fig.  7.4-9d). 
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Fig.  7.4-10.  Flow  through  the  cascade  at  an  Isentroptc  outlet  Mach 
number  M^,=l.02  In  a  linear  test  facility  /25/. 
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As  the  back  pressure  is  lowered  (M2j$=1.2,  Fig.  7.4-9e),  the  experimental  and 
predicted  results  still  agree  well  on  the  pressure  surface.  This  is  also  true 
for  the  suction  surface,  upstream  of  the  shockposition  (x?h0ck=Cl  5,  see  Fig. 
7  4-2e).  However,  for  this  outlet  Mach  number,  contrary  to  test  case  4 
(M2i$=i.02),  the  experiment  shows  a  larger  influence  of  the  shock  on  the 
unsteady  pressure  amplitude  than  the  theory.  Furthermore,  the  suction  surface 
phase  angle  (*p'3)  shows  some  discrepancies  between  theory  and  prediction 
aft  of  the  shock. 

As  seen  in  Fig.  7  4-8a  the  cascade  configuration  showed  an  instability  at  high 
subsonic  Mach  numbers  at  »=-90°,  whereas  other  interblade  phase  angles 
showed  stability.  The  reason  for  this  change  of  sign  in  the  aerodynamic 
damping  coefficient  can  be  found  by  investigating  the  unsteady  blade  surface 
pressures  for  »=-90°  and  §=+90°  at  an  outlet  Mach  number  of  M2jS=0.90  (Fig. 
7.4-9c,g).  It  can  be  seen  that  the  experimental  blade  surface  pressure 
amplitudes  (cp)  are  similar  in  both  cases.  Case  7  (e^O®)  is  stable  mainly 
because  the  forward  60*  on  the  suction  surface  are  stable.  However,  case  3 
(•=-90®)  is  unstable  as  the  whole  suction  surface  is  unstable. 

No  physical  explanation  for  this  change  of  stability  can  presently  be  given. 

It  is  also  interesting  to  note  that  the  two  last  pressure  transducers  on  the 
suction  surface  indicate  almost  the  same  amplitudes  and  phase  angles  for  8=- 
90°  as  for  f=+90\  and  that  the  first  four  suction  surface  tranducers  change 
at  an  almost  constant  value  with  the  variation  in  interblade  phase  angle 
(S+plSz+plsfez+gO'^+plsU^gO0)  =  62°,  55°,  71°  and  71°,  resp.,  see  Figs.  7.4- 
9c.g  and  data  sheets  in  Appendix  A5,  section  4).  The  same  trend  can  be 
recognized  from  the  prediction  model  7  for  x<0.6.  Aft  of  this  position  a  larger 
difference  is  found  in  ♦p'5  between  theory  and  experiment.  A  possible 
explanation  for  this  phenomenon  could  be  the  hypothesis  of  a  small  separation 
bubble  on  the  last  30*  of  the  suction  surface  at  M2is=0.9  1281. 

From  Fig  7.4-8b  it  was  also  concluded  that  the  cascade  configuration  became 
stable  with  an  increasing  Mach  number.  Once  again,  the  reason  can  be  found  by 
investigating  the  unsteady  blade  surface  pressure  distribution  (Fig.  7.4-9c,e 
for  M2js=0.9,  1 .2  resp.). 

It  can  be  seen  that  the  pressure  surface  data  are  identical  for  both  Mach 
numbers.  However,  the  suction  surface  pressure  amplitude  and  phase  angle 
are  different  at  x=0.5.  At  M2jS=0.9  the  phase  angles  indicate  instability  at 
x=0.5,  while  at  M2i3=l  .2  the  same  transducers  instead  show  a  high  stability 
(♦pi?=-90®)  This  change  in  stability  can  thus  clearly  be  attributed  to  the 
presence  of  the  shock  at  50*  chord,  and  it  can  be  concluded  that  the  shock 
has  a  stabilizing  effect,  at  least  for  low  supersonic  outlet  flow  velocities. 
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Conclusions  for  the  Fourth  Standard  Configuration 

From  the  controlled  excitation  study  in  traveling  wave  mode  (i.e  constant 
interblade  phase  angle  between  all  blades)  on  a  17*  thick,  45®  cambered 
steam  turbine  cascade,  experimentally  investigated  in  an  annular  test  facility 
in  subsonic  and  supersonic  flow,  it  can  be  concluded  that: 

•  The  fact  that  the  unsteady  experimental  data  and  the  (by  Method  7) 
predicted  results  agree  well  validates  mutually  both  approaches,  at  least  for 
shock-free  flows. 

•  Prediction  mode!  7  gives  a  good  overall  view  of  the  unsteady  blade 
surface  pressures  for  subsonic  outlet  flow  conditions.  In  the  transonic  and 
supersonic  cases  some  discrepancies  between  the  experiments  and  theory  can 
be  found  in  the  vicinity  of  the  shocks. 

Conclusions  for  aerodynamic  damping: 

•  The  experimental  data  indicate  a  slight  instability  at  subsonic  outlet 
Mach  numbers  (for  «=-904),  and  stable  vibrations  for  supersonic  outlet  flow 
conditions.  This  behavior  is  predicted  by  Method  7  but  not  by  Method  10 
(semi-actuator  disk  theory)  (see  Figs.  7  4-7,  7.4-6). 

Conclusions  for  unsteady  blade  surface  pressures: 

•  The  local  unsteady  blade  surface  pressure  coefficient  on  the  upper  and 
lower  surfaces  is  well  predicted  by  Method  7  for  subsonic  flow  conditions, 
especially  by  considering  the  experimentally  determined  95*  confidence 
interval  (Fig.  7.4-9).  The  only  noticeable  exception  is  the  first  transducer  on 
the  pressure  surface,  located  at  x=0.I01. 

•  Also  for  supersonic  outlet  flow  conditions,  the  experimentally 
determined  unsteady  pressures  on  the  upper  (=  pressure)  surface  are  predicted 
well,  both  as  regards  amplitude  and  phase  angle  (Fig.  7.4-9d,e). 

•  Some  discrepancies  between  the  unsteady  pressure  data  and  predicted 
results  exist  on  the  suction  surface  for  supersonic  outlet  Mach  numbers  (Figs 
7  4-9d,e).  Here,  the  unsteady  shock  impinging  on  the  blade  suction  surface 
does  not  appear  in  the  same  way  in  the  theory  and  the  experiment. 

•  The  change  in  stability  at  approximately  sonic  outlet  conditions  can  be 
attributed,  both  in  the  experiment  and  in  Method  7,  to  a  change  in  the  local 
unsteady  blade  suction  surface  pressures  in  the  vicinity  of  the  shock. 
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7.5  Fifth  Standard  Configuration  (Compressor  Cascade  in  High 
Subsonic  Flow). 

Definition 

This  two-dimensional  subsonic/transonic  cascade  configuration  has  been 
tested  in  a  rectilinear  cascade  air  tunnel  at  the  Office  National  d'Etudes  et  de 
Recherches  Aerospatiales  (ONERA).  The  configuration  and  experimental  results 
are  included  by  kind  permission  of  E.  Szechenyi  ((29-3 1 1). 

The  cascade  configuration  consists  of  six  fan  stage  tip  sections,  each  blade 
with  a  chord  of  c=0.090  m  and  a  span  of  0.120  m.  The  maximum  thickness-to- 
chord  ratio  is  0.027,  with  no  camber  and  a  gap-to-chord  ratio  of  0.95.  The 
present  configuration  was  measured  with  a  stagger  angle  of  59  3® 

The  cascade  geometry  is  given  in  Figure  7.5-1  and  the  profile  coordinates  in 
Table  7.5-1. 

The  two  center  blades  can  vibrate  in  pitch  about  several  axes,  and  then  the 
aeroelastic  coefficients  for  different  interblade  phase  angles  can  be  computed 
by  linearized  summation  of  the  unsteady  pressure  responses  on  all  six  blades 
Experiments  have  been  performed  with  oscillation  frequencies  between  of  75 
and  550  Hz,  inlet  Mach  numbers  of  between  0.5  and  10  and  with  incidence 
angles  between  attached  and  fully  separated  flow  (2°  to  15®) 

Both  the  time-averaged  and  time-depencent  instrumentation  on  this  cascade 
is  extensive  and  a  large  amount  of  well-documented  data  has  been  obtained 
during  the  experiments.  The  large  number  of  flush-mounted  high  response 
pressure  transducers  on  one  blade  (9  on  lower  blade  surface  and  10  on  upper 
blade  surface)  allows  the  determination  of  resultant  time-dependent  blade 
forces. 

The  upstream  and  downstream  steady-state  flow  quantities  are  determined  2 
chord  lengths  upstream  of  the  leading  edge  plane  and  0.5  chord  length 
downstream  of  the  trailing  edge  plane,  respectively. 

The  unsteady  pressure  measurements  are  all  filtered,  simultaneously  sampled, 
multiplexed,  digitized,  averaged  over  a  certain  number  of  periods  and  recorded 
on  disc  after  which  the  pressure,  lift  and  moment  coefficients  are  computed 
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suction  surface  (upper  surface) 


trailing 
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Maximum  thickness  at  x 
Vibration  in  pitch  around  (Xa,y0) 
d  =  (thickness/chord) 

a  =  0.00524  rad 

c  =  0.090  m 

T  =  0.95 

k  =  variable 

spans  0.120m 
M,  =  variable  (0.5- J.O) 

Working  fluid:  Air 


=  0.67 
=  (0.5,0.) 

=  0.027 

r  =  variable  (75-550  hz) 

1  =  variable  (2*- 15®) 

camber  =  0® 

1  =  59.3® 

o  :  Only  one  blade  vibrated 


Fig.  7.5- 1 .  Fifth  standard  configuration:  Cascade  geometry 
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Aeroelastic  Test  Cases 

A  large  amount  of  data  has  been  obtained  during  the  tests  [31]  Of  this,  29 
cases  were  recommended  as  test  cases  in  [4] 

Of  special  interest  in  this  fifth  standard  configuration  is  the  extensive 
variation  of  time-averaged  parameters,  such  as  inlet  flow  velocity  (Mt >  and 
incidence  (i) 

The  inlet  Mach  number  is  varied  from  Mj=0.5  to  M(  =  l  0,  and  the  range  of 
incidence  is  from  fully-attached  (incidence  less  than  5*)  up  to  fully- 
separated  (incidence  greater  than  10s)  flow  conditions 
At  the  Cambridge  Symposium  [3]  it  was  concluded  that  the  present  state-of- 
the-art  of  prediction  models  does  not  allow  for  the  calculation  of  stalled 
flow  [7|.  Therefore,  the  29  recommended  cases  from  [4]  were  reduced  to  the 
ones  dealing  with  attached  flow  only.  A  total  of  1 1  test  cases  were  then 
selected  These  are  contained  in  Table  7  5-2 


Time  Averaged 
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Pitch  axis  at  (x,,,  ya)  =  (0.5,  0.)  for  all  the  above  aeroelastic  test  cases 


Table  7.5-2.  Fifth  standard  configuration. 

1 1  recommended  aeroelastic  test  cases  (restricted  set  from  /4/) 
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Discussion  of  Time-Averaged  Results 

The  1 1  proposed  aeroelastic  test  cases  comprise  three  separate  stationary 
flow  conditions,  all  at  the  same  inlet  flow  velocity  (M^O.5),  but  at  different 
incidence  angles  (i=2®,  4*  and  6*,  respectively) 

These  data  are  presented  in  Fig.  7.5-2,  together  with  the  theoretical  results 
of  Methods  2  and  3  The  data  and  the  theoretical  results  agree  well,  if  the 
theoretical  incidence  is  slightly  modified.  The  theoretical  incidence  angles 
for  Method  3  in  Fig.  7.5-2b,c  are  itheory^-S0  and  4.0®,  compared  to  the 
experimented  ones  (and  theoretical  for  Method  2)  iexp=40<>  and  6.0®, 
respectively.  This  change  in  steady-state  incidence  angle  corresponds  fairly 
well  with  the  change  introduced  in  the  first  standard  configuration  for 
similar  reasons  (Ai=2  3®  to  4®  in  standard  configuration  I;  &i=1  5®  to  2®  in 
standard  configuration  5). 

It  should  also  be  noted  that  the  theoretical  results  obtained  using  Methods  2 
and  3  agree  extremly  well  for  the  same  theoretical  incidence  angle  (Figs  7.5- 
2a,  b  for  itheory=2°;  Figs.  7  5-2b,c  for  itheory=4<>) 

It  is  thus  likely  that  an  experimental  effect,  which  is  not  taken  into  account 
in  the  inviscid  theoretical  flow  models,  is  responsible  for  the  need  to  correct 
the  experimental  incidence  angle  in  order  to  achieve  a  good  steady-state 
agreement 

The  largest  discrepancy  between  the  experimental  and  theoretical  results  is 
found  on  the  suction  (=upper)  surface  in  the  leading  edge  region.  This  effect 
becomes  more  pronounced  with  an  increase  in  incidence  angle.  It  is  found  that 
the  difference  in  the  leading  edge  region  between  Method  3  and  the 
experimental  data  is  somewhat  larger  for  the  present  cascade  than  for  the 
first  standard  configuration  (Fig.  7.1-2).  This  can  perhaps  be  attributed  to  the 
higher  flow  velocity  and  the  sharper  leading  edge  in  the  present  case. 
However,  calculations  with  other  methods  should  be  performed  before  any 
detailed  conclusions  regarding  the  reasons  for  this  discrepancy  can  be  drawn 
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Discussion  o'f  Time-Dependent  Results 

Up  till  now,  four  unsteady  prediction  models  have  been  applied  to  the  fifth 
standard  configuration  (Table  6.1).  From  the  results,  both  the  time-dependent 
blade  surface  pressures  and  the  stability  limits  of  the  cascade  can  be 
evaluated. 

When  comparing  the  unsteady  results  it  should  be  considered  that  the 
experiments  were  performed  with  only  one  blade  vibrating  (i.e.  only  the 
influence  of  the  blade  on  itself  was  considered),  and  that  aeroelastic  coupling 
effects  between  neighboring  blades  has  not  been  corrected  for.  This  is 
unfortunate,  but  the  objective  of  the  experiments  was  to  investigate  flutter 
at  high  incidence  angles,  for  which  the  aeroelastic  coupling  effects  have  been 
determined  (311  It  was  only  because  it  was  found  that  present  prediction 
models  cannot  treat  such  flow  conditions  that  the  low  incidence  angle 
experiments  were  selected  as  test  cases. 

In  order  to  estimate  how  large  the  aerodynamic  coupling  effects  are,  a 
breakdown  of  the  theoretical  results  obtained  from  Method  1  has  been  done. 
This  study  shows  that  if  only  one  blade  is  vibrated  (in  Method  1),  the  results 
approach  the  experimental  values.  This  fact  will  be  discussed  in  the  following 
sections. 

Integrated  Parameters 

The  experimentally  determined  aerodynamic  damping  coefficient  (one  blade 
vibrated)  and  the  predicted  results  (all  blades  vibrated)  agree  well  for  an 
experimental  incidence  angle  of  iexp=6°  (Fig  7.5-3a),  over  a  wide  range  of 
reduced  frequency  (0.22<k<1 .02).  However,  the  agreement  is  not  so  good  for 
iexp=4°  (Figs.  7.5-3b,c),  althougtj  the  stability  trend  is  again  correct 
The  same  information  is  found  by  examining  the  moment  coefficient  (Figs 
7.5-3d,e,f). 

It  is  presently  not  possible  to  explain  the  sudden  change  in  the  experimental 
curves  around  iexp=4°  (Figs  7.5-3c,f). 
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A  certain  discrepancy  is  found  also  for  the  different,  theories  The  flat  plate 
theory  (Method  I.  ithfory=0°'  ancl  Method  2  (itheory='exp.  full  blade  geometry 
taken  into  account)  agree  well,  whereas  Method  3  (full  blade  geometry. 
1  theory=2  5®  and  4°  resp  in  Figs.  7  5-3a-f)  is  somewhat  nearer  to  the 
experiments  It  is  found  that  the  difference  is  largest  for  the  magnitude  and 
that  all  the  predicted  phase  angles  are  close  to  the  measured  ones 
The  reason  for  the  differences  between  the  theoretical  model  predictions  are 
not  apparent  at  the  present  time. 

The  aerodynamic  coupling  effects  can  be  estimated  by  considering  the 
decomposition  of  the  results  of  a  calculation  with  all  blades  vibrated,  into 
the  separate  influence  coefficients  of  each  blade  [28,  30,  591.  This 
investigation,  based  on  results  obtained  from  Method  I  (flat  plate,  i  theory-00), 
is  shown  in  Fig  7.5-4  for  a  180°  interblade  phase  angle.  It  is  concluded  that, 
for  f=l80°,  the  amplitude  and  phase  angle  of  cm(x,t)  does  not  change  if  2  or 
more  blades  are  vibrated.  However,  a  certain  change  is  found  if  only  one  blade 
is  oscillated.  In  the  present  case  the  amplitude  and  phase  angle  of  a  single¬ 
blade  vibration  are  cm=  I  24  and  ♦m=-25",  resp.,  whereas  the  corresponding 
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Fig-  7.5  -3.  Continued  on  next  page. 
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e)  0 

Fig.  7.5-3.  Aerodynamic  damping  and  moment  coefficients  for  the 
fifth  standard  configuration. 
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values  are  cm=l  58  and  $m=-23s  tor  64  blades  vibrated  (Fig  7  5-4)  The  fact, 
that  the  phase  angle  does  not  vary  with  the  number  of  vibrating  blades  is 
clearly  the  reason  for  the  good  agreement  for  the  phase  angle  (im)  between 
the  experiment  and  the  theory  in  Figs  7  5-3d,e,f  The  study  indicates  also 
that,  if  all  blades  were  vibrated  in  the  experiment,  the  experimental  cm  value 
would  probably  be  somewhat  larger  than  the  ones  presented,  and  thus 
approach  the  theoretical  curves  in  Figs  7.5-3d,e,f. 

Blade  Surface  Pressure  Differences 

As  the  blades  in  the  fifth  standard  configuration  are  thin  f2.7%)  it  is  of 
interest  to  evaluate  and  discuss  the  blade  surface  pressure  difference 
coefficient  Acp(x,t)  This  parameter  is  given  in  Fig  7.5-5,  for  different 
incidence  angles  (iexp=2°,  4°  and  6°)  at  a  reduced  frequency  of  kexp=0.37. 

It  is  concluded  that,  for  iexp=2°  (Fig  7.5-5a),  the  phase  angles  (♦£,,)  of  the 
pressure  difference  coefficient  in  the  experiment  and  in  the  different 
theories  agree  well  A  certain  discrepancy  exists,  however,  in  the  magnitude 
(acp).  Methods  1  and  2  predict  identical  values,  whereas  the  experiments 
indicate  lower  pressure  difference  amplitudes  along  the  whole  chord.  This 
effect  becomes  more  pronounced  in  the  forward  part  of  the  blade  for  larger 


lm(Cffl} 


Fig.  7.5-4.  Aerodynamic  coupling  effects  for  0=180°,  with  the  number 
of  blades  as  parameter  (  64  blades  used  for  the 
decomposition) 


HOT  7.S-5.2i  MflH  STAkoAAO  CONFIGUAAMON.  CA$£  2. 

NAOMI TUOC  ANO  FHA3C  lEBO  Of  BlAOE  SURFACE 
ANeSSUAC  OlFFtACMCC  COEFFICIENT. 
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iexp=4°; 


kexp=°37 


Fig.  7.5-5.  Blade  surface  pressure 
difference  coefficient  versus  blade 
chord  for  1(^0  37,  at 
*exp=  2°,  40  and  6°,  respectively. 
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incidence  angles  At  iexp=4°  (Fig  7  5- 5b)  the  first  measured  pressure 
indicates  a  higher  Acp-value,  whereas  the  following  ones  show  somewhat 
smaller  values  Aft  of  about  50*  of  the  chord,  the  Acp-values  are  identical 
for  ^=2*  and  4° 

At  iexp=6*  (Fig  7  5-5c)  the  first  two  pressures  measured  indicate  higher 
values,  whereas  no  significant  change  appears  for  the  other  transducer 
locations 

From  Fig.  7.5-5  it  is  also  seen  that  no  change  appears  in  the  pressure 
difference  phase  angle  (*Ap)  for  the  aft  70*  of  the  blade  as  a  result  of 
variation  in  incidence  angle  However,  some  slight  variation  is  found  in  the 
forwad  30*  This  difference  of  acp  and  *4p  in  the  leading  edge  region  for 
various  incidence  angles  can  probably  be  attributed  to  unsteady  viscous  flow 
effects  in  the  experiment  (possibly  local  unsteady  separation),  which  are  not 
considered  in  the  inviscid  theories  being  investigated. 

In  Fig  7  5-5  the  full  line  corresponds  to  a  flat  plate  calculation,  with  a  0° 
incidence.  It  is  seen  that,  as  the  incidence  increases,  the  difference  in  Acp 
between  Method  2  and  the  flat  plate  results  increases  as  expected,  and  the 
results  obtained  from  Method  2  approach  the  experimental  data  However,  no 
significant  change  is  found  in  the  phase  angle  (*4p). 

As  for  the  aerodynamic  damping  coefficient,  on  the  basis  of  the  calculations 
obtained  from  Method  I,  it  is  possible  to  estimate  how  large  the  aerodynamic 
coupling  effects  can  be 

Considering  a  breakdown  of  the  theoretical  results  from  Fig.  7.5-5a  into 
separate  individual  influence  coefficients,  different  results  are  found  along 
the  blade  chord.  These  are  given  in  Fig.  7.5-6.  It  is  found  that  the  pressure 
difference  phase  angle  *4p  (=tan-  MlmIcpJ/Re|cpJ))  is  not  influenced  at  the 
9  5*  chordwise  location  (Fig.  7.5-6a)  if  one  or  several  blades  are  considered 
as  oscillating.  However,  the  magnitude  decreases  from  acp=12.4  to  acp=9.5  if 
only  one  blade  oscillates. 

At  the  34*  chordwise  location  (Fig  7  5-6b)  the  change  in  phase  angle  is  now 
noticeable,  but  still  small  (increase  from  ♦4p=+l  I®  for  all  blades  vibrated  to 
♦4p=+l8°  for  only  one  blade  oscillated).  Similarly,  the  magnitude  decreases 
from  acp=5  7  to  Acp=4.8 

At  75*  chordwise  location  (Fig  7  5-6c)  the  phase  angle  changes  somewhat 
more  (increase  from  <*Ap=29°  for  all  blades  vibrated  to  ♦4p=45°  for  one  blade 
vibrated)  However,  the  variation  in  magnitude  of  Acp  is  now  smaller 
(decrease  from  Acp=3  5  to  Acp=3  0). 

The  blade  surface  pressure  difference  coefficient  thus  obtained,  with  one 
blade  vibrated,  can  be  compared  to  the  results  for  all  blades  vibrated  (Fig.  It 
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ImlACfl 


a)  x=0.095 


imiAtg) 


d)  along  chord 


Fig.  7.5-6.  Theoretical  influence  or  vibration  of  one  or  several  oiades 
on  the  blade  surface  pressure  difference  coefficient 
( Method  I,  i=0°) 
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7  5-6d)  It  ts  found  that,  if  only  one  blade  is  vibrated,  the  magnitude  of  acp 
decreases  along  the  blade  {mostly  for  x<0 .03)  Simultaneously,  the  phase 
angle  (*4P)  increases  somewhat  (mostly  for  x>0.03).  A  comparison  between 
these  results  and  the  experimental  data  (Fig  7  5-6d)  indicates  that  the 
theoretical  results  with  only  one  blade  vibrated  agree  better  with  the  data 
than  if  all  blades  are  oscillated,  it  is  thus  established  that  a  'arge  part  of 
the  differences  between  the  data  and  the  theoretical  results  comes  from  the 
fact  that  only  one  blade  was  vibrated  in  the  experiment  If  the  neighboring 
blades  had  also  been  oscillated,  the  agreement  would  have  been  better 
This  result  should  be  kept  in  mind  while  examining  all  results  for  the  fifth 
standard  configuration. 

In  Fig.  7.5-7  results  are  shown  for  iexp=4°,  at  various  reduced  frequencies  It 
is  concluded  that  the  experimental  pressure  difference  coefficient  changes 
significantly  in  the  leading  edge  region  with  increasing  reduced  frequency 
The  differences  between  the  theoretical  results  and  the  experimental  data  are 
largest  at  the  higher  reduced  frequency  (Fig  7  5-7d)  The  largest 
discrepancies  between  the  different  models  are  also  found  here,  although  a 
certain  difference  exists  also  for  the  low  reduced  frequencies  (Fig  7  5-7a) 
The  same  information  as  in  Fig.  7.5-7  is  given  in  Fig.  7.5-8,  but  here  for  the 
iexp=6°  incidence  angle.  The  same  conclusions  are  drawn  Furthermore,  it  is 
noted  that  neither  the  experimental  data,  nor  the  theoretical  results  are 
influenced  by  the  variation  in  incidence  angle,  except  in  the  leading  edge 
region  (compare  Figs.  7.5-7a,  7  5-8a;  etc)  It  should  again  be  noted  that  the 
theoretical  incidence  angle  for  Method  3  was  slightly  modified  to  obtain  a 
better  agreement  with  the  experimental  time-averaged  blade  surface  pressure 
distributions  It  was  found  (in  Fig  7.5-2b,c)  that  the  steady-state  pressure 
distributions  for  Methods  2  and  3  agree  very  well  if  the  same  theoretical 
incidence  angle  is  used  (itheory=4°  for  Method  2  fn  F19  7.5-2b;  itheory=4°  for 
Method  3  in  Fig.  7.5-2c). 

However,  this  is  not  the  case  for  the  time-dependent  pressure  difference 
distribution  (ithe0ry=4°  for  Method  2  in  Fig.  7.5-7;  ithtory=4<>  for  Method  3  in 
Fig.  7.5-8).  Here,  the  differences  in  the  unsteady  pressure  distributions 
persist 

The  reasons  for  these  differences  between  Method  I  and  Methods  2,  3, 
especially  at  high  reduced  frequencies,  can  probably  be  explained  by 
considering  that  Method  I  is  a  flat  plate  theory.  However,  the  reason  for  the 
differences  between  the  predictions  of  the  two  geometry  models  (2  and  3)  are 
not  apparent  at  the  present  time 
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PLOT  7. 5-3.  Ni  FIFTH  STANOAAO  CONF IGUAATIOM.  CASE  N. 

MAGNITUDE  ANO  PHASE  LEAQ  Of  OL«oe  SURFACE 
PNC5SUAE  01 ff COE MCE  COEFFICIENT. 


'exp-40-  ^^*0. 14 


'exp=4°;  k«p*0.22 
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T  I  .95 
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PLOT  T.S-3.0.  flfTM  STANDARD  CONF [GUMPTION.  CASE  6. 

Pfl&Nl TUOC  AnO  PHASE  ICAO  Of  BtAOC  5 UP f BCE 
PACSSUNE  QlFFCWtNCE  COEFFICIENT. 


’exp=^  kexp=0  54 


PLOT  7.5-3. 7»  riFTH  STANOAAO  CONFIGURATION.  CASE  7. 

MAGNITUDE  AND  PHASE  LEAD  Of  BLADE  SUAfACE 
PNESSUNE  DIFFERENCE  COEFFICIENT. 


n=4°;  kexn=  * 


Fig.  7.5-7.  Blade  surface  pressure  difference  coefficient  versus  blade 
chord  for  texp=4°,  at  kixp=  0.14,  0.22,  0.56,  and  1.02,  resp. 
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HAGNITUOE  AND  PHASE  LEAD  OF  BLADE  SURFACE 
PRESSURE  DIFFERENCE  COEFFICIENT. 


PLOT  7.5-3.9i  FIFTH  STANDARD  CONFIGURATION.  CASE  9. 

RAGNITUOC  ANO  PHASE  |_EAO  Of  ftLAOC  SURFACE 
PRESSURE  DIFFERENCE  COEFFICIENT. 


PLOT  7,5-3. lOt  FIFTH  STANOAAO  CONfiGuRA  3N.  CASE  TO. 

RAGNITUOE  AND  PHASE  LEAD  OF  3lADE  SURFACE 
PRESSURE  DIFFERENCE  COEFFICIENT. 


PLOT  7.5-3.111  FIFTH  ST ANDARO  CONFIGURATION.  CASE  II. 

RAGNITUDE  AND  PnASC  LEAD  OF  0LAOE  SURFACE 
PRESSURE  DIFFERENCE  COEFFICIENT. 


*exp=G°;  *exp=0  54  d)  'exp3®0;  kgxp3' 02 

Fig.  7.5-8.  Blade  surface  pressure  difference  coefficient  versus  blade 
chord  for  lexp=6°.  at  *exp=  0.14.  0.22,  0  56,  and  1.02,  resp. 
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Blade  Surface  Pressures  on  Upper  and  Lower  Surfaces 

As  was  also  found  for  acp,  the  experimental  data  and  blade  surface  pressure 
distributions  predicted  using  Method  2  (cpus,  cp,J)  agree  well  at  a  2”  incidence 
angle  (Fig.  7  5-9,  tCexp=0.37).  The  agreement  is  also  good  for  iexp=4®  and 
although  the  same  discrepancies  as  found  previously  in  acp  are  present  in  the 
leading  edge  region.  Especially  noteworthy  is  the  excellent  agreement  in  the 
phase  angles  (*pus,  ♦p*1).  This  good  agreement  is  found  also  for  Method  3  (Fig 
7.5- 10a),  although  some  discrepancies  are  found  at  the  high  reduced  frequency 
(kexp=l.02),  and  especially  at  iexp=6®  But,  as  mentioned  earlier,  it  is  probable 
that  the  inviscid  theories  cannot  model  the  viscous  flow  for  these  operating 
conditions. 

The  magnitudes  of  the  pressure  coefficients  (cpus,  cp,s),  however,  do  not 
correspond,  either  to  the  data  or  between  the  different  prediction  models. 

Conclusions  for  the  Fifth  standard  Configuration 

From  the  controlled  excitation  study,  with  one  blade  vibrated  in  the 
experiment,  on  a  2.7*  thick,  0°  cambered,  compressor  cascade,  in  subsonic 
attached  (and  separated)  flow  (M»=0  5),  it  can  be  concluded  that: 

•  No  attempt  was  made  to  predict  the  unsteady  flow  in  the  stalled 
operating  range. 

•  Two  prediction  models  (plus  one  flat  plate  theory)  predicted  the 
unsteady  flow. 

•  Some  of  the  differences  between  the  experimental  data  and  the 
theoretical  results  may  be  explained  by  local  unsteady  flow  separations  and 
the  fact  that  only  one  blade  was  vibrated  in  the  experiment.  A  study  of  the 
results  using  a  flat  plate  theory  indicates  that  the  data  and  the  theories 
would  agree  better  if  the  aeroelastic  coupling  effects  were  to  be  considered 
in  the  experiment  (Fig.  7.5-6d). 

•  From  the  comparison  between  the  experiments  and  the  theories  it  can 
be  judged  that  the  results  obtained  are  encouraging  for  moderate  subsonic 
Mach  numbers,  around  thin  compressor  profiles,  in  attached  flow  No  theories 
seem  to  be  available  for  stalled  or  partially-stalled  flow. 

•  More  investigations  are  necessary  to  determine  the  reasons  for  some 
discrepancies  between  the  theoretical  models. 
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Conclusions  for  aerodynamic  damping 

•  The  trend  of  stability  versus  reduced  frequency  and  incidence  is 
correctly  predicted.  The  predicted  magnitude  is,  however,  npt  correct. 

Conclusions  for  unsteadu  blade  surface  pressure  difference  coefficient 

•  The  experimental  data  and  the  theoretical  results  agree  well  for  a  2° 
incidence,  at  moderate  reduced  frequencies  At  larger  incidence  angles,  and 
especially  at  higher  reduced  frequencies,  some  larger  discrepancies  are  found, 
both  as  regards  the  experiment  and  between  the  theories. 

•  The  data  and  the  theories  agree  better  for  the  phase  (♦ap)  than  for  the 
magnitude  (acp) 
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Conclusions  for  unsteady  blade  surface  pressures 

•  The  experimental  and  theoretical  results  agree  extremely  well  as  far  as 
the  phase  angles  (♦pUJ,  ♦p1*)  are  concerned. 

However,  fairly  large  differences  appear  in  the  magnitude  of  cpu»,  cp'3 
although  the  trends  are  identical. 
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7.6.  Sixth  Standard  Configuration  (Steam  Turbine  Tip  Section  in 
Transonic  Flow) 


Definition 

This  configuration  is  directed  towards  investigations  of  steam  turbine  rotor 
blade  tip  sections  in  the  transonic  flow  regime. 

The  experiments  are  performed,  in  air,  in  the  annular  cascade  test  facility  at 
the  Swiss  Federal  Institute  of  Technology,  Lausanne  1221 .  The  data  are 
included  in  the  present  study  by  kind  permission  of  A  Boles  and  the 
sponsoring  company,  Brown  Boveri  Co.,  Baden  t\  8/ 

The  cascade  configuration  consists  of  twenty  vibrating  low  camber  prismatic 
turbine  blades.  Each  blade  has  a  constant  spanwise  chord  of  c=0.0528  m  and  a 
span  of  0.040  m,  with  14°  camber  and  a  maximum  thickness-to-chord  ratio  of 
0  0526.  The  stagger  angle  for  the  experiments  presented  here  is  73  4°,  and 
the  gap-to-chord  ratio  is: 

x  =  0.952  (hub) 

1.071  (midspan) 

1.190  (tip) 

The  hub-to-tip  ratio  of  the  facility  is  0.80. 

The  cascade  geometry  is  given  in  Fig.  7.6-1  and  the  profile  coordinates  in 
Table  7.6-1 

Experiments  are  performed  with  variable  inlet  flow  velocity,  incidence  angle, 
expansion  ratio,  vibration  mode  shape,  oscillation  frequency  and  interblade 
phase  angle  /  1 8/.  In  the  case  of  self-excited  blade  vibration  tests  the  blades 
oscillate  without  external  excitation.  Outside  these  flutter  regions  all  20 
blades  in  the  cascade  are  vibrated  with  an  electromagnetic  excitation  system 
/26/ 

Presently,  only  a  limited  number  of  pressure  transducers  are  mounted  in  the 
blades,  therefore  it  is  not  possible  at  this  time  to  integrate  the  time- 
dependent  pressure  signals  to  obtain  overall  unsteady  forces.  Instead,  the 
self-excited  flutter  limits  of  the  cascade  have  been  established  for  several 
parameters.  Furthermore,  after  the  experiments  with  the  true  self-excited 
blade  vibrations  /!8/,  another  test  series  with  10  pressure  transducers  on 
the  blades  is  scheduled  /28/  This  will  allow  for  a  first  approximation  of  the 
overall  unsteady  forces  and  a  comparison  with  the  previously  determined 
flutter  boundaries. 
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Nominal  values:  M(=0.40;  p,=-62°;  Mj=1.34;  p*=-71° 
Working  fluid:  Air 


Fig.  7.6-1.  Sixth  standard  configuration:  Cascade  geometry 
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-.0278 

.6856 

-.0099 

.  1991 

.0243 

.7061 

.0149 

.  1890 

-.0274 

.6958 

-.0097 

.2093 

.0242 

.7163 

.0147 

.1991 

-.0269 

.7059 

-.0095 

.2194 

.0240 

.7264 

.0144 

.2093 

-.0264 

.7161 

-.0093 

.2296 

.0239 

.7366 

.0142 

.2194 

-.0259 

.7262 

-.0091 

.2397 

.0237 

.746? 

.0140 

.2295 

-.0254 

.7363 

-.0089 

.2498 

.0236 

.7568 

.013? 

.2397 

-.0250 

.7465 

-.0087 

.2600 

.0235 

.7670 

.0135 

.2498 

-.0245 

.7566 

-.0085 

.2701 

.0235 

.7771 

.0133 

.2599 

-.0240 

.7668 

-.0083 

.2803 

.0234 

.7873 

.0130 

.2701 

-.0236 

.7769 

-.0082 

.2904 

.0233 

.7974 

.0128 

.2802 

-.0232 

.7870 

-.0080 

.3006 

.0232 

.8075 

.0125 

.2903 

-.0227 

.7972 

-.0078 

.3107 

.0231 

.8177 

.0123 

.3005 

-.0223 

.8073 

-.0077 

.3208 

.0229 

.8278 

.0120 

.3106 

-. 0219 

.8175 

-.0075 

.3310 

.0227 

.8380 

.0118 

.3207 

-.0214 

.8276 

-.0074 

.3411 

.0225 

.8481 

.0115 

.3309 

-.0210 

.8377 

-.0072 

.3513 

.0223 

.8582 

.0112 

.3410 

-.0206 

.8479 

-.0071 

.3614 

.  0220 

.8684 

.0110 

.  351 1 

-. 0202 

.0580 

-.0070 

.3715 

.0218 

-8795 

.  010? 

.3613 

-.0198 

.8682 

-.0060 

.3817 

.  0215 

8886 

.  0104 

.3714 

-.0194 

.8783 

-.0067 

.3918 

.0213 

.8988 

.0102 

.3815 

-.0190 

.8884 

-.0066 

.4019 

.  0211 

.9089 

.  0099 

.391? 

-.0106 

.0986 

-.0065 

.4121 

.  0210 

.9191 

.0096 

.4018 

-.0183 

.9087 

- . 0064 

.4222 

.  0208 

.9292 

.0093 

.4119 

-.0179 

.9189 

.4  324 

.0206 

.9393 

.0090 

.4221 

-.0175 

.9290 

- . 0062 

.4425 

.0204 

.9495 

.0088 

.4322 

-.0172 

.9392 

- . 0061 

.4526 

.0202 

.9596 

.0085 

.4423 

-.0168 

.9493 

-.0060 

.4628 

.  0200 

.9697 

.  0082 

.4525 

- . C 1 64 

.  9594 

-. 0060 

.4  729 

.0198 

.9799 

.0079 

.4626 

-.0161 

.9696 

.4831 

.0195 

.  9900 

.  0076 

.472? 

-. 0158 

.9797 

.4932 

.0193 

1 . 0002 

.  0073 

.4829 

-.0154 

1.0000 

-.0057 

Table  7.6-1.  Sixtfi  standard  configuration:  Dimensionless  airfoil 
coordinates  (spanwise  identical) 
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Aeroelastic  Test  Cases. 

From  the  tests,  12  have  been  selected  as  test  cases.  These  correspond  to  five 
separate  time-averaged  flow  conditions  where  the  outlet  Mach  number  has 
been  varied  from  sub-  to  supersonic  (see  Table  7  6-2),  and  they  represent 
cases  both  inside  and  outside  the  experimentally-determined  flutter  limits  of 
the  cascade  / 1 8/ .  As  the  cascade  exhibited  flutter  in  the  first  bending  mode, 
the  cases  reported  here  are  in  this  mode,  with  a  vibration  direction  of 
1=43.2°. 

All  the  experiments  presented  here  have  been  performed  with  constant 
spanwise  upstream  flow  conditions. 


Aeroelastic 

Test  Case  No. 

T  ime  Averaged 

Ml  Pi  P2'Pi 

(-)  (»)  (-) 

M2iS 

(-) 

Time  Dependent  Parameters 
h«  f  k 

(-)  (Hz)  (-) 

a 

(o) 

6 

(“) 

1 

0.53 

70 

0.27 

1.63 

0.0030 

226 

0.068 

0 

♦43.2 

2 

- 

- 

♦  45 

" 

3 

- 

* 

- 

♦  90 

“ 

4 

■ 

" 

+  135 

* 

5 

» 

-180 

** 

6 

■ 

+  135 

" 

7 

- 

- 

-  90 

8 

- 

- 

-  45 

9 

0.52 

0.50 

1.20 

0.092 

-  90 

10 

- 

“ 

0.54 

1.14 

0.097 

" 

** 

II 

" 

- 

0.62 

1.02 

0.108 

* 

** 

12 

’ 

0.65 

0.98 

0.113 

Table  7.6-2.  Sixth  standard  configuration:  Recommended  aeroelastic  test 
cases. 
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Discussion  of  Time- Averaged  Results. 

Fig.  7.6-2  shows  the  experimental  time-averaged  blade  surface  pressure 
distribution  for  the  different  backpressures.  Due  to  the  high  expansion 
present  in  the  leading  edge  region,  major  difficulties  may  arise  in  the 
numerical  prediction  of  the  steady-state  flow  conditions.  Up  to  now,  no 
theoretical  steady-state  resists  for  this  standard  configuration  have  been 
obtained. 


a)M2iS=163  b)li2i«=l-20 


Fig.  7.6-2.  Continued  on  next  page 
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PLOT  7.6-l.3i  SIXTH  STANOARD  CONF I  CURAT ION.  CASE  10 
TIME  AvEAAGEO  8LA0E  SURFACE  PRESSURE 
COEFFICIENT 


i 


c)M2j3=1.14 


□  -US  DATA 
X  «LS  OATA^-""' 


d)  M2j3=l.02 


i  !  : 

; 

L.._!  ; 

— 

^ _  „ 

j  °Doooa0a 

0 

*  x  X  X  X  X 

X  j 

.  -  .  .... 

- 

X  * 

— t— ■=4-*-4 — *— ♦ - 1 - ♦— 

- 1 — 

Fig.  7.6  -2.  Time-averaged  blade 
surface  pressure  distribution  for  the 
aeroelastic  test  cases. 


PLOT  7.*- l,s.  51TCTH  ST ANQAAO  CONFIGURATION.  CASE  «. 

T INC  NVCNBCCO  8LN0«  SURFACE  PRESSURE 
COEFFICIENT 


e)  Mas-0.98 
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Discussion  of  Time-Dependent  Results. 

At  this  time,  as  mentioned  above,  the  aeroelastic  forces  have  not  been 
determined  experimentally.  However,  the  experiments  indicate  regions  of 
self-started  blade  vibrations,  f.e.  domains  where  the  aeroelastic  forces  are 
large  enough  to  overcome  the  mechanical  damping  of  the  system.  These 
flutter  limits  are  shown  in  Fig.  7.6-3,  for  three  different  aerodynamic 
excitations.  In  the  first,  a  well-tuned  cascade  (blade  vibration  frequency 
f =230+0. 5Hz)  was  used,  with  endplates  at  the  tip  of  the  blades  to  decrease 
the  aerodynamic  excitation  from  tip-clearance  flow.  In  the  second,  the  same 
cascade  was  tested,  but  without  the  endplates.  Finally,  in  the  third,  the 
cascade  was  randomly  mistuned  (f=223+5Hz).  It  can  be  concluded  that  the 
mistuning,  and  the  reduction  of  the  secondary  flow  in  the  tip-clearance,  damp 
the  blade  vibrations. 


Strong  vibration  in  1.  bending  mode . 
©  Well -tuned  cascade  with  end-plates 
@  Well- tuned  cascade  without  end-plates 
©  Mistuned  cascade  without  end -plates 


Fig.  7.6-3.  Experimentally  determined  regions  of  self-started  blade 
vibrations  (copied  from  /  1 8/,  Fig.  1 1). 
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Theoretical  results  obtained  from  Method  10  indicate  the  same  trend  as  the 
experiments.  This  can  be  concluded  from  Fig.  7.6-4.  Here,  the  blade  vibration 
is  stable  for  subsonic,  and  unstable  for  supersonic,  outlet  flow  conditions  at 
a  -90°  interblade  phase  angle  (Fig.  7.6-4a;  compare  Fig.  7.6-3).  At  the 
supersonic  velocities  the  vibration  is  unstable  for  -180°<e<0°,  whereas  for 
subsonic  outlet  flow  conditions  the  vibration  is  stable  for  all  interblade 
phase  angles  (Figs.  7.6-4b,c).  The  reasons  for  this  instability  are  explained  in 
/ 18/  to  come  mainly  from  instability  on  the  blade  suction  surface  in  the 
throat  region  (Fig.  7.6-5). 

Conclusions  for  the  Sixth  Standard  Configuration 

The  results  of  both  the  experiments  and  one  prediction  modeKsemi-actuator 
disk  theory.  Method  10)  indicate  that  the  blade  vibration  in  the  sixth 
configuration  is  unstable  for  supersonic  outlet  flow  velocities  in  the 
interblade  phase  angle  range  -180°<e<0°.  The  stability  limits  are  accurately 
determined  by  Method  1013  . 

No  comparisons  between  theoretical  and  experimental  local  blade  surface 
pressures  could  be  made  in  the  present  study. 


13  This  is  somewhat  surprising  as  for  the  fourth  standard  configuration  this 
method  showed  large  discrepancies  between  both  the  data  and  Method  7 
(compare  section  7.4).  A  possible  explanation  for  this  is  the  difference  in 
camber  between  the  fourth  (camber:  45®)  and  sixth  (camber=14®) 
configurations. 
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Fig.  7.6-4.  Theoretically  determined 
aeroelastic  damping  coefficient  versus 
i  sen  tropic  outlet  Mach  number  and 
tnterblade  phase  angle. 
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Fig.  7.6-5.  Time-dependent  blade 
surface  pressure  coefficient. 
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7.7  Seventh  Standard  Configuration  (Compressor  Cascade  in 
Supersonic  Flow). 

Definition 

The  seventh  standard  configuration  has  been  tested  in  the  detroit  Diesel 
Allison  rectilinear  air  test  facility,  and  the  results  are  included  here  by 
courtesy  of  the  sponsoring  agent,  D.R.  Boldman  at  NASA  Lewis  Research 
Center  (48,  49],  The  configuration  is  representative  for  the  tip  sections  of 
turboreactor  fan  stages  (multiple  circular  arc  transonic  profiles.  The  profiles 
are  taken  from  the  86.7#  span  section  of  the  second  stage  of  the  five-stage 
TF41-A100  LP-IP  compressor  rig).  Each  blade  (5  blades  in  the  cascade)  has  a 
chord  of  c=0.0762  m  and  a  span  of  0.0762  m,  with  a  -1.30°  net  camber  and  a 
maximum  thickness-to-chord  ratio  of  0.034.  The  gap-to-chord  ratio  is  0.855 
and  the  stagger  angle  61 .55*. 

The  cascade  geometry  is  given  in  Figure  7.7-1  and  the  profile  coordinates  in 
Table  7.7-1. 

The  airfoils  oscillate  in  pitching  mode  round  a  pivot  axis  at  (0.50,  0.00),  with 
a  frequency  between  710  Hz  and  730  Hz.  The  pitching  amplitude  of  the 
reference  blade  lies  between  0.06*  and  0.2°,  depending  on  the  test  conditions, 
with  some  scatter  in  the  motion  amplitudes  between  neighboring  blades  (due 
to  the  high  realistic  frequencies). 

Both  the  time-averaged  and  time-dependent  instrumentation  on  this  cascade 
is  extensive,  and  data  have  been  obtained  of  different  interblade  phase  angles 
and  axial  velocity  ratios.  20  blade  surface  pressure  tappings  were  used  (10  on 
each  surface)  to  determine  the  steady-state  blade  surface  pressure 
distribution  and  12  dynamic  pressure  transducers  were  mounted  on  one  blade 
(6  on  each  surface)  to  determinate  the  unsteady  flow  conditions. 

Aeroelastic  Test  Cases 

From  the  tests,  a  total  of  12  aeroelastic  test  cases  are  presented  here  for 
analyses. 

These  cases  are  included  in  Table  7.7-2,  and  they  correspond  to  two  different 
time-averaged  flow  conditions.  The  inlet  Mach  number  is  the  same  in  both 
cases  (M]=1.315)  and  the  outlet  pressure  ratio  varies,  corresponding  to 
M2=1 .25  and  M2=0.99. 

The  blade  vibration  frequencies  of  the  tests  are  very  high  (f=725  Hz), 
corresponding  to  reduced  frequencies  (based  on  semi-chord  and  inlet  flow 


Vibration  In  pitch  around  (x„,y0) 

= 

(05,0.0) 

d  =  (thickness/chord) 

= 

0.034 

a  =  0.06-0.2° 

Hz 

= 

variable 

c  =  0.0762  m 

P> 

= 

64.0° 

T  =  0.855 

camber 

= 

-1 .30° 

k  =  variable 

'll 

= 

61.55* 

span  =  0.0762  m 

Working  fluid:  Air 

f 

= 

710-730  Hz 

Fig.  7.7-1 .  Seventh  standard  configuration.  Cascade  geometry 


/ 


EPf-L«UJ»nne,  LABORATOIRE  OE  THERMIQUE  APPtIQUEE  ET  OE  TURBOMACHINES 


C  •  0.0762 

a  (3 

.00  in) 

Upper  surface 

(SUCTION  SURFACE) 

Lower  surface 

(PRESSURE  SURFACE) 

X 

*Y 

X 

-Y 

0 

-0.0029 

0 

0.0029 

0.0026 

-0.0004 

0.0027 

0.0056 

0.0278 

0.001S 

0.0279 

0.0066 

0.06S5 

0.0041 

0.0657 

0.0079 

0 . 1032 

0 .0065 

0.1035 

0.0092 

0.1410 

0.0087 

0.1412 

0.0103 

0.1788 

0.0107 

0.1790 

0.0113 

0.216S 

0.0124 

0.2168 

0.0123 

0. 2543 

0.0139 

0.2S46 

0.0131 

0.2921 

0.0152 

0.2923 

0.0138 

0.3299 

0.0162 

0.3301 

0.0144 

0.3551 

0.0168 

0.3SS2 

0.0148 

0.3929 

0.0175 

0.3930 

0.0152 

0.4307 

0.0179 

0.4308 

0.0155 

0.468S 

0.0181 

0.4685 

0.0158 

0.S063 

0.0181 

0.5063 

0.0159 

0.5441 

0.0179 

0 . 5440 

0.01S9 

0.S820 

0.0174 

0.5818 

0.0158 

0.0198 

0.0167 

0.6195 

0.0156 

0 .6576 

0.0158 

0.6573 

0.0153 

0.6828 

0.01S0 

0.6824 

0.0151 

0.7205 

0.0137 

0.7202 

0.0146 

0.7583 

0.0122 

0.7580 

0.0140 

0.7901 

0.0105 

0.79S8 

0.0133 

0.8338 

0.0087 

0.8336 

0.0124 

0.8716 

0.0067 

0. S714 

0.0112 

0.9093 

0.0047 

0.9092 

0.0098 

0.9471 

0.0026 

0.9470 

0.0082 

0.9848 

0.0003 

0.9848 

0.0063 

0.9974 

-0.000$ 

0.9974 

0 . 0057 

1.0000 

-0.0029 

1.0000 

0.0029 

_  _  _ 

L.E,  RADIUS/C-  0.0027 

T.E.  RADIUS/C-  0.0027 
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Table  7.7-1 
coordinates 


Seventh  standard  configuration:  Dimensionless  airfoil 
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Table  7.7-2  Seventh  standard  configuration.  12  experimental  aeroelastic  test  cases  (defined  from  /57,58/) 
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velocity)  of  approximately  k=0.45.  However,  due  to  these  high  vibration 
frequencies,  a  certain  amount  of  difficulty  was  encountered  in  the  nominal 
amplitudes  and  interblade  phase  angles,  and  in  keeping  these  constant  over 
the  five  blades  in  the  cascade  148,  491.  Therefore,  both  the  nominal  and 
measured  amplitudes  and  interblade  phase  angles  are  given  in  Table  7.7-2.  As 
the  prediction  models  used  for  calculating  the  aeroelastic  behavior  of  the 
cascade  consider  travelling  wave  modes  over  a  large  number  of  blades  it  is 
expected  that  some  discreapancies  between  the  experimental  data  and  the 
theoretical  results  will  be  present.  Therefore,  good  agreement  is  hardly  to  be 
expected  However,  it  should  be  noted  that  due  to  the  considerable 
complications  involved  in  measuring  unsteady  transonic  flow  in  cascades,  the 
data  presented  are  representative  for  the  state-of-the-art  of  aeroelastic 
investigations  on  compressors  in  the  transonic  flow  region. 

Discussion  of  Time- Averaged  Results 

The  12  aeroelastic  cases  correspond,  as  mentioned  above,  to  2  steady-state 
conditions  (M]  =  1.3I5;  M2=1  25  and  0.99).  The  time-averaged  data  are  given, 
together  with  the  results  obtained  from  Methods  7  and  18,  in  Fig.  7.7-2.  It  is 
seen  that  the  trend  of  the  predicted  time-averaged  blade  surface  pressure 
coefficient  agrees  with  the  experimental  data.  However,  absolute  values  do 
not  agree  well,  either  for  the  low  (M2=1.25)  or  the  high  (M2=0.99)  pressure 
ratio  case. 

For  the  lower  pressure  ratio,  the  Schlieren  pictures  indicate  that  the  leading 
edge  shock  is  slightly  detached  and  that  it  impinges  on  the  blade  suction 
surface  at  about  90%  chordwise  position. 

In  the  case  of  the  higher  pressure  ratio,  the  Schlieren  pictures  indicate 
instead  a  boundary  layer  separation  downstream  of  the  shock  wave 
intersection  of  the  airfoil  (at  about  40%  chord)  [48).  This  separation  was 
taken  into  account  in  Method  7  by  performing  a  boundary  layer  analyses  and 
then  correcting  the  blade  geometry  to  consider  the  increase  in  the 
displacement  thickness  of  the  boundary  layer  [40).  The  correct  shock  position 
and  exit  flow  conditions  were  obtained  in  Method  T  by  adding  this  extra 
thickness  onto  the  aerofoil.  However,  no  such  attempt  to  match  the 
experimental  data  was  made  in  Method  18,  which  to  some  extent  may  explain 
the  large  differences  between  the  two  predicted  results. 
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Discussion  of  Time-Dependent  Results 

When  discussing  the  time-dependent  results  the  experimentally  determined 
steady-state  boundary  layer  separation  at  about  40*  chord  for  the  high 
pressure  ratio  should  be  kept  in  mind.  Both  prediction  models  7  and  18  are 
inviscid  and  cannot  deal  with  unsteady  response  to  shock/boundary  layer 
interactions. 

The  non-constant  blade  vibration  amplitudes  and  interblade  phase  angles  in 
the  experiments  also  influence  to  a  certain  extent  the  agreement  between  the 
data  and  the  traveling  wave  analyses.  It  was  shown  in  [40]  that  a  flat  plate 
theory  with  variable  blade  vibration  amplitudes  agreed  better  with  the  data 
than  the  same  model  assuming  a  constant  blade  vibration  amplitude  [40,  64] 
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PLOT  7. 7-J. Hi  SEVENTH  STANDARD  CONFIGURATION.  CASES  7-12. 
TIKE  AVERAGED  BLAOE  SURFACE  PRESSURE 
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a)  M2  =  1.25 


b)  Mz  =  0.99 


Fifl.  7.7-2.  Steady-state  blade  surface  pressure  distribution  at  M, =1.315, 
p,  =-64.00. 
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Integrated  values 

The  aeroelastic  lift,  moment  and  damping  coefficients  were  calculated  in  the 
experiments  from  the  measured  blade  amplitude  and  the  unsteady  pressure 
coefficient  and  its  phase  angle  relative  to  the  blade  motion.  The  leading  edge 
and  trailing  edge  values  were  obtained  by  extrapolating  the  15%  and  85% 
chord  data. 

For  the  low  pressure  ratio  (fl2=l  25,  Fig.  7.7-3a)  the  trend  of  the  aeroelastic 
damping  coefficient  2,  versus  the  interblade  phase  angle,  is  correctly  given  by 
the  two  models  (7,  18)  using  the  full  blade  geometry.  This  is  also  the  case 
for  a  flat  plate  analyses  (Method  5),  using  a  zero  mean  incidence  angle  (i.e 
Pi=-61  55°)  All  the  theories  predict  the  most  stable  situation  around  «=- 
120®,  and  the  most  unstable  around  »=*45®.  This  is  also  seen  to  be  the  case 
for  the  data.  Flowever,  the  magnitude  is  different  according  to  the  different 
theories 

Also  at  the  high  pressure  ratio  (M2=0.99,  Fig.  7  7-3b),  the  trend  of  the 
thoeries  agrees  well  with  the  data.  In  the  least  stable  position  (*=+90°)  the 
data  and  Method  18  indicate  a  slight  instability,  whereas  Method  7  lies  just 
at  the  stability-line.  It  should  be  noted  here  that  the  stage  was  believed  to 
be  deeply  into  flutter  at  M2=0.99  and  out  of  flutter  at  M2=1 .25  140] 
Considering  the  theoretical  and  experimental  difficulties  involved  in 
determining  the  unsteady  flow  in  the  transonic  flow  regime,  and  the 
experimental  accuracy  (especially  while  integrating  with  12  transducers  at 
the  high  pressure  ratio),  the  results  are  encouraging 

Also  the  calculation  of  the  magnitude  of  the  moment  coefficient  (cm)  shows  a 
good  agreement  between  the  trend  of  the  data  and  the  theories,  especially  at 
the  low  pressure  ratio  (Fig.  7.7-3c,d).  However,  a  discrepancy  can  be  found  in 
the  phase  angle  It  is  especially  interesting  to  note  that,  although  the 
aerodynamic  damping  coefficient  from  Method  7  agrees  well  with  the  data  at 
the  high  pressure  ratio  (M2=1.25,  Fig  7.7-3b),  a  fairly  large  difference  is 
found  in  the  moment  coefficient  (Fig  7  7-3d)  In  the  phase  angle  ♦m, 
differences  of  up  to  A*m(=*mjhe0rg  -  +m,Exp)='80°  are  noted 
The  aeroelastic  lift  coefficient  (C](t))  does  not  influence  the  stability  of  a 
pure  harmonic  pitching  motion.  This  information  is  given  in  Fig  7  7-4  It  is 
concluded  that  the  trend  of  the  magnitude  (ci)  is  correct,  but  that  the  phase 
angle  (*i)  shows  a  general  discrepancy  of  up  to  A*i=*ijheory-+i,Exp= '80° 
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b)  Damping  coefficient,  Mj=  0.99 


The  trend  of  the  magnitude  of  the  time-dependent  blade  surface  pressure 
diference  coefficient  (a£,)  is  correctly  predicted  at  the  low  pressure  ratio 
(fl2=  1  .25,  Fig.  7.7-5).  However,  the  predicted  phase  angles  disagree  with  the 
measured  ones,  along  the  whole  chord,  while  the  theories  agree  well  with 
each  other 

The  flat  plate  analyses  (Method  5)  predicts  a  discontinuity  in  at  the 
position  where  the  trailing  edge  shock  impinges  on  the  blade  pressure  surface 
(xshock=0  55). 
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Some  slight  indication  of  this  can  possibly  also  be  found  in  the  experimental 
data,  whereas  Method  7  smears  out  the  unsteady  response  of  the  shock 
impingement  on  the  blade.  Away  from  this  region,  the  flat  plate  analyses 
(Method  5)  and  the  full  geometry,  potential  flow  solver  (Method  7)  give 
similar  results. 

Also  at  the  higher  pressure  ratio  the  trend  of  the  magnitude  (A5p)  as 
predicted  by  the  theories  agrees  well  with  the  data,  both  for  the  flat  plate 
and  full  geometry  solvers.  Again,  the  phase  angle  (♦$,,)  is  not  well  predicted 


a)  a  •  -45°  b)  o  =  0° 


Fig.  7.7-6.  Time-dependent  blade  surface  pressure  difference  coefficient 
along  blade  chord  at  Mj  =  0.99. 
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Blade  Surface  Pressures 

From  the  few  predicted  blade  surface  pressure  results  obtained  on  this 
cascade,  a  modest  agreement  is  found  in  the  magnitude  (cp“»,  Sp,s)  both  for 
M2=l  25  and  M2=0.99.  Again,  discrepancies  are  found  in  the  phase  angles  (Fig. 
7.7-7),  especially  towards  the  trailing  edge  region  where  the  experiments 
indicate  a  boundary  layer  separation.  However,  these  differences  seem  to  be 
smaller  than  the  corresponding  ones  for  the  pressure  difference  (♦iP). 

Conclusions  for  the  Seventh  Standard  Configuration 

From  the  study  on  a  3*  thick,  low  cambered  compressor  profile  in  supersonic 
flow  at  a  high  reduced  frequency,  oscillating  in  pitching  mode,  it  can  be 
concluded  that: 

•  The  experimental  steady-state  blade  surface  pressure  distribution 
cannot  be  fully  reproduced  by  theoretical  methods.  Indications  of  the  boundary 
layer  separations  on  the  suction  surface  on  the  aft  part  of  the  blade  exist. 
This  phenomenon  certainly  influences  both  the  steady-state  and  time- 
dependent  flow  response. 

•  The  experimental  blade  vibration  amplitudes  and  interblade  phase 
angles  were  not  constant  between  the  5  blades  in  the  cascade  (Table  7.7-2) 
This  fact  influences  the  agreement  with  the  traveling  wave  analyses  It  is 
expected  that  the  agreement  would  be  better  if  the  prediction  models  also 
considered  non-constant  blade  vibration  amplitudes  and  interblade  phase 
angles. 

•  Both  the  experiment  and  the  available  theories  indicate  the  same  trends 
for  the  aeroelastic  damping  coefficient  versus  the  interblade  phase  angle  and 
outlet  flow  velocity.  The  magnitude  Is  however  not  fully  predictable. 

•  The  range  of  predicted  instabilities,  or  near  instabilities,  agrees  well 
with  the  experiments  data. 

•  For  low  pressure  ratios  the  stability  margins  are  predicted  just  as  well 
with  a  flat  plate  anlyses  as  with  models  considering  the  full  blade  geometry. 

•  The  amplitudes  of  £m(t),  Acp(x,t)  and  cpUJ.'»(x,t)  are  modestly  well 
predicted  However,  the  corresponding  phase  angles  do  not  agree  with  the 
data  Again,  for  low  pressure  ratios,  the  flat  plate  analyses  agree  well  with 
the  full  geometry  solvers 

•  Further  work,  both  experimental  and  theoretical,  is  necessary  to 
establish  the  origin  of  the  differences  found  in  this  standard  configuration 
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7.8  Eighth  Standard  Configuration  (Flat  Plate  Cascade  in  Subsonic 
and  Supersonic  Flow) 

Definition 

The  eighth  and  ninth  standard  configurations  are  directed  towards  the 
investigation  of  basic  aeroelastic  phenomena  and  the  influence  of  thickness 
effects  on  numerical  calculations,  especially  in  the  transonic  flow  region. 
Configuration  number  eight  deals  with  a  two-dimensional  cascade  of  flat 
plates  Theoretical  analyses  of  such  unsteady  configurations  have  been 
performed  for  many  years  now,  but  the  problem  is  still  of  great  interest, 
mainly  due  to  the  following  factors: 

•  In  modem  compressors,  operating  in  the  transonic  and  supersonic  flow 
regimes,  the  actual  blades  are  rather  thin  and  have  a  low  camber  They  can 
thus  mostly  be  fairly  well  approximated  as  flat  plates 

•  Supersonic  two-dimensional  flat  plate  prediction  models  are  often  one 
of  the  main  aeroelastic  tools  used  by  the  designer  of  large  turboreactors 

•  In  the  incompressible  flow  domain,  analytical  flat  plate  solutions  are 
available 

•  it  is  possible  to  establish,  with  different  theories  and  for  the  purposes 
of  the  present  comparative  work,  the  aeroelastic  response  of  a  flat  plate 
cascade  over  the  whole  Mach  number  range  from  incompressible  to  supersonic 
fl-jw  conditions 

•  The  strip  theory  assumption  should  be  validated,  in  the  transonic  flow 
domain,  in  a  fairly  simple  case  This  requires  validation  not  only  of 
theoretical  results,  but  also  of  two-dimensional  and  quasi  three-dimensional 
experimental  data  on  thin  airfoils 

The  cascade  being  Investigated  as  the  eight  standard  configuration  is  shown 
in  Fig  7  8-1 

AarMlMttc  Test  Cases 

in  this  eight  standard  configuration,  the  main  emphasis  will  be  laid  on  the 
change  in  the  aeroelastic  behavior  of  the  cascade  in  dependence  of  the  inlet 
flow  velocity,  pressure  ratio  through  the  cascade,  stagger  angle  and  solidity 
The  unsteady  blade  surface  pressure  distributions  will  thus  be  compared  in 
detail  only  for  a  few  aeroelastic  cases 

it  is  assumed  that  the  two-dimensional  airfoils  oscillate  in  pitch  about  mid¬ 
chord  (0  S.  0 ),  with  an  amplitude  of  2*  (0  0349  rad) 
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As  the  main  interest  for  this  configuration  lies  in  the  variation  of  the  time- 
averaged  parameters  the  calculations  should  be  performed  at  zero  mean 
incidence,  with  a  constant  interblade  phase  angle  of  90°  and  with  a  fairly 
high  reduced  frequency,  k=l.O. 

During  the  project  it  was  found  that  this  high  reduced  frequency  may 
introduce  inaccuracies  in  the  calculated  results.  However,  such  problems  are 
of  special  interest  in  workshops  of  the  present  kind,  so  the  results  are 
presented  nonetheless. 

35  aeroelastic  test  cases  have  been  selected  for  analyses  (Table  7  8-1).  This 
is  the  largest  number  of  test  cases  for  any  single  standard  configuration, 
which  may  seem  strange  for  such  a  simple  configuaration.  However,  as  can  be 
seen  from  Table  6.1,  a  larger  number  of  predictions  were  made  using  this 
standard  configuration  than  any  other.  This  is  clearly  the  case  as  more  flat 
plate  prediction  models  exist  than  methods  which  take  into  account  the  full 
geometry  of  the  profiles 


cascade  leading 
edge  plane 


Vibration  in  pitch  around  (xo,ya)  *  (0.5,0.) 

a  *  2.0»  (-0.0349  rad) 
c  »  0  .1  m  l  =0° 

r  «  variabla  (0.5- 1.0)  camber  a  o° 

k  *j.o  )  =  variable  (0°-60°) 

0-90°  lij  =  variable  (0.0- 1.5) 


Ftf.  7.9- 1 .  Etfrth  atandard  configuration:  Cascade  geometry 
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Discussion  of  Time-Dependent  Results 

In  total  eight  models  were  used  to  predict  the  unsteady  flow  around  the  flat 
plate  cascade.  In  general,  the  results  of  the  different  analyses  agree  well, 
with  a  few  notable  exceptions. 

integrated  parameters 

The  first  results  presented  are  taken  from  the  investigation  regarding  the 
influence  of  the  steady-state  stagger  angle  on  the  aerodynamic  damping 
coefficient  (Fig.  7.8-2). 

It  is  found  that  the  results  obtained  from  the  different  prediction  models 
agree  extremly  well  for  a  low  subsonic  flow  velocity  (Fig.  7.8-2a), 
whereas  some 


Fig.  7.8-2.  Aerodynamic  damping  coefficient  versus  stagger  angle  for 
Mi=0.  and  tt,=0.8,  respectively. 
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discrepancies  appear  at  a  high  subsonic  flow  velocity  (Mi=0.8,  Fig.  7.8-2b). 
However,  all  the  methods  predict  stability  for  subsonic  Mach  numbers  at  the 
specified  time-dependent  flow  conditions  (k=1.0,  e=90o). 

The  good  agreement  between  the  theories,  for  subsonic  flovf,  is  also  seen  in 
the  aerodynamic  damping  coefficient  versus  Mach  number  (Fig.  7.8-3a). 

Here,  the  differences  in  3  between  M|=0.0  and  Mi  =0.5  come  about  because  of 
the  interpolation-routine  in  the  plot  program,  and  the  sharp. peak  at  Mj=0  5 
depends  on  the  closeness  to  the  acoustic  resonance  (M  t  8C  res=0.53).  However, 
some  small  differences  can  be  found  between  the  different  analyses  at  the 
higher  flow  velocities  (MpO.5)  These  differences  become  somewhat  larger 
for  supersonic  flow  conditions. 

If  a  strong  shock  is  positioned  at  the  leading  or  trailing  edge  (Figs  7  8-3b,c, 
respectively)  the  potential  flow  solver  7  predicts  only  a  slight  change  in 
magnitude  of  the  aerodynamic  damping.  However,  a  flat  plate  anlyses  (Method 
19),  with  special  care  taken  in  simulating  the  leading  edge  shock  (Fig  7  8- 
3b),  predicts  instead  an  instability  in  the  Mach  number  range  1.3<Mf<1.5.  The 
reasons  for  these  differences  are  not  apparent  at  the  present  time,  but  it  is 
found  (Fig.  7.8-3d)  that  differences  between  Methods  7  and  19  exist  in  both 
the  magnitude  and  phase  angle  of  the  moment  coefficient  (cm  and  *m,  resp  ). 

Blade  surface  pressure  differences 

At  low  subsonic  flow  velocities  the  results  obtained  from  the  different 
prediction  models  agree  extremly  well  (Fig.  7.8-4a,  where  i=60°,  r=0.75) 
This  is  also  seen  to  be  the  case  at  higher  flow  velocities  (Fig.  70-4b, 
M]=0  8)  Evaluating  these  results,  it  can  be  seen  that  the  differences  in 
aerodynamic  damping  coefficient  at  Mj=0.8  (Fig  7  8-3a)  probably  come  about 
because  of  a  slight  discrepancy  in  the  magnitude  of  the  blade  surface 
pressure  difference  (a£p)  in  the  different  models. 

However,  the  trend  Is  the  same  for  all  models,  both  as  regards  the  magnitude 
(Acp)  and  phase  angle  (*ap) 

For  supersonic  flow  velocities  a  larger  disagreement  is  found  in  the  pressure 
difference  coefficient  (Fig  7.8-5)  The  trend  of  Acp  is  the  same  for  two  flat 
plate  analyses  (Methods  5  and  19  in  Fig  7  8-5a),  whereas  a  finite  element 
potential  flow  solver  ( Method  7  )  does  not  indicate  any  specific 
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a)  No  strong  shock  b)  Strong  leading  edge  shock 


c)  Strong  trailing  edge  shock  d>  Strong  leading  edge  shock 

Ftf.  7  •- 3  Aerodynamic  damping  and  moment  coefficients  versus 


MKh  number 


:hange,  either  in  acp  or  in  *Ap,  in  the  neighborhood  of  the  steady  state  (weak) 
shock  wave  impingement  on  the  blade  surfaces  (see  sketches  in  Figs.  7.8-5; 
*Shockr°62  on  the  ,0W8r  surface,  xshock=0  95  on  the  upper  surface).  However, 
the  flat  plate  analyses  also  show  some  disagreement  in  the  case  of  a  detailed 
comparison 

if  a  strong  shock  wave  is  positioned  at  the  leading  edge  (Fig.  7  8-5b),  the 
finite  elemen*  solver  (Method  7)  indicates  some  change  along  the  whole  chord, 
both  for  the  magnitude  and  phase  angle  (acp,  *4P).  Here,  the  differences 
Detween  the  two  methods  are  larger  than  in  the  case  with  weak  shocks.  The 
discrepancy  is  fairly  large  for  both  the  magnitude  and  the  phase  angle.  From 
this  Figure,  it  is  clear  why  the  stability  of  the  cascade  was  different  in 
Methods  7  and  19  (Ftg  7  8-3b)  In  the  forward  part  of  the  blade  the  phase 
angle  *4,,  indicates  instability  for  both  methods  However,  for  Method  7  this 
phase  angle  is  close  to 


Flf  7  8  -4  Blade  surface  pressure  difference  coefficient  for 
different  subsonic  flow  velocities 
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0*  wherees  lor  flatbed  19  it  it  close  to  *90*  Thor  •for*  the  for  war  a  part  ot 
the  blade  data  not  contribute  to  any  larya  extent  to  the  aerodynamic  damping 
(or  Method  7.  whorooa  it  dees  for  Method  19  (or  both  methods  tha  letting 
Mga  shockwave  it  ctaariy  toon  at  an  mcraaaa  in  magnitude  <«-*irTt-<'i  65.  fig 
7  6-50),  although  to  a  wnallar  txtant  for  tha  potential  flaw  solver  than  tor 
tha  analytical  flat  plata  modal  in  tha  lattar.  tha  thocfc  wawa  it  alto 
noticaaOla  at  a  jump  in  tha  phoaa  angle  wharaat  tha  former  doat  not  thow 
any  tigntf  leant  inf  I  wane  a 

in  Fig  7  6-5c  tha  tamo  calculation  it  pratantad.  but  with  a  ttrong  trailing 
adya  thocfc  wave  inataad  of  a  loading  edge  ona  Mara  results  art  available  for 
tha  potantial  flow  tolvar  only  Tha  impingment  of  tha  thacfcwava  on  tha  blade 
turf ac at  it  noted  (xwwefc=°  35),  both  in  magnituda  and  phaao  it  it  interesting 
to  note  that,  although  tha  aerodynamic  damping  coefficient  did  not  change 
tigntficantly  (according  to  Method  7)  if  tha  tteady-ttote  thocfc  wava  wet 
pot  it  toned  at  tha  loading  or  trailing  adga  (Fig  7  0-Jb.c),  tha  blade  turface 
pratture  difference  coefficient  changed  along  tha  whole  chord,  in  a  non 
negligible  manner,  for  both  tha  magnituda  and  phete  angle  (Fig  7  0  5b.c.  note 
however  tha  difference  in  scale  in  tlp) 


BUdt  jyclm  am  urn 

As  for  A iplx.  t),  tho  local  strfscs  pretsurat  (df*^x.t).  agree 

extremely  wall  in  two  dtfforont  potential  flow  methods  for  subsonic  Mach 
numbers  (Fig  7  0-6),  both  at  regards  tha  magnituda  and  phase  angle 
For  supersonic  velocities,  only  two  results  (Methods  7  and  9)  wart  submitted 
(for  all  results,  sea  Appendix  A5) 

The  potential  flow  solver  (Method  7)  gives  almost  identical  results  for  tha 
case  with  weak  shocks  (Fig  7  0-7a)  and  with  a  strong  trailing  edge  shock 
(Fig  7  8- 7c),  apart  from  tha  lower  surface  in  tha  vicinity  of  tho  strong  shock 
wave  (Xjj^c^O  35) 

However,  for  a  leading  edge  shock  wave  the  response  is  quite  different  (Fig 
7  6-7b)  Here,  as  already  found  for  Ad,(x,t),  there  are  some  large  differences 
between  the  Methods  7  and  19  Presently,  no  explanation  for  this  can  be  given 
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From  t fit  companion*  on  «  n*t  plat*  cncia  m  tub  and  supersonic  (low 
(k- 1  o  #*0*  i  and  r  venapio)  it  can  Oa  concluded  mat 
a  The  different  pradtctian  modal*  praaantad  agree  extremely  mall  for  low 
Mtoontt  flow  volocitiaa  at  regard*  tha  aarod^amic  damping,  mamont 
pressure  dtffaranca  and  preaeure  coefficients 

a  for  ht^i  subsonic  flow  velocities  a  discrepancy  •»  found  batwoan  tha 
difforant  tnalyaai 

a  in  supersonic  flow  mo  result*  become  ambiguous  if  strong  ahoctr  waves 
art  conatdarad  Difforant  moon  at  mdtcata  difforant  stability  margin*  of  th* 
caacada  and  tha  local  ftiada  *urfaca  pressure  amplitude*  and  phaaa  angles  art 
vary  difforant  A  poaoiblo  enplane! ion  far  tha  diffaranca*  is  tha  high  value  of 
tha  reduced  fraquoncy  Out  0)  However  tha  diffaranca*  ara  too  large  to  be 
nay I act  ad 
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a)  M,=0  b)  M,=08 

Fig.  7.8-6.  Blade  surface  pressure  coefficient  for  different  subsonic 
flow  velocities 
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a)  No  strong  shock 
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b)  Strong  leading  edge  shock 


HOT  EIG*1H  STWtOOOO  CONFIGURATION.  COSE  21. 

NBGNMUOf  0*0  PHASE  LEAD  OF  UNStCAO*  OlAOC 
SURFACE  PRESSURE  OISTAIOUT  I  OB. 


c)  Strong  trailing  edge  shock 

Fig.  7.8-7.  Unsteady  blade  surface  pressure  difference  coefficient  for 
different  shock  positions  at  M,=l  .3. 
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i  ry 


7.9  mm*  St-iiri  CMflfurattM  (Double  Circular  Arc  Prafila*  la 

Subsonic  aa«  S apart aalc  Flaw). 

Daflaltlaa 

The  ninth  standard  configuration  is  selected  to  be  a  continuation  of  the  flat 
plate  Investigation  The  emphasis  is  now  placed  on  blade  thickness  influence, 
especially  in  the  high  subsonic  flow  region,  on  the  numerical  results  from  the 
different  prediction  models 

To  this  end.  Double  Circular  Arc  profiles,  with  thtckness/chord  ranging  from 
001  to  0  10,  are  defined  (see  Figure  7  9-1) 

Apart  from  the  profile  thickness,  the  influence  of  the  inlet  nach  number  on 
the  aeroelastic  response  of  the  cascade  will  be  investigated 
For  this  conflgurtaion,  the  same  vibration  mode,  reduced  frequency  and 
interblade  phase  as  in  the  eighth  configuration  ( I  0  and  90*  rasp  )  are  chosen 
The  stagger  angle  has  been  defined  to  be  45  and  60*,  mainly  to  allow  for 
realistic  conditions  at  high  velocities,  although  in  some  computations  they 
may  introduce  Influence  of  distorted  calculation  grids 

Aereelastlc  Tast  Cases 

In  the  configuration,  21  aeroelastic  cases  are  defined  for  comparison  (see 
Table  7  9-1) 

For  the  subsonic  cases  the  incidence  should  be  close  to  0*,  and  for  the 
supersonic  cases  it  should  satisfy  the  unique  incidence  condition 
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Time-averaged  results  were  received  from  one  prediction  model  (Method  3), 
for  the  flat-bottomed  test  cases  in  high  subsonic  flow  These  are  given  in 
Fig  7  9-2  It  should  be  noted  that  Method  3  predicts  a  shock  at  40X  chord  for 
an  inlet  Mach  number  M=0  9  (Fig  7  9-2d) 


Time-dependent  results  have  been  submitted  from  two  prediction  models 
(Methods  2  and  3).  Furthermore,  for  comparison  with  the  flat -plate  cascade  in 
the  previous  section  results  of  a  flat-plate  analyses  (Method  I)  are  given 
when  available 
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Equation 

y,(*>  *  agntH* )( |M,/_ j  5)* )•*)  if  H.-0 

*  0  If  Hj-0 

R  =  (M**0  5*V(2|H|) 

agn(H)  ■  1 1  for  H>/<0 


*  upper  strface 

■  lower  ourfaco 

Maximum  thickness  at  x 
Vtpratton  m  pitch  around  (x^yo) 


d  ■  (thickness/ chord) 

a  «  2.0®  (-0.0349  rad)  |o 

c  -  0.1  m  |l 

t  =  0.75  I  camber 

k  -1.0  j  j 

M,  *  varlrtile  (0.0- 1.5) 


=  0.5 

=  (0.5. camber -lint) 

-  0.01  -  0  1 

=  90® 

-  0®<for  M| <  1 .) 

-  0®  (for  symmetric  profiles) 
«  45®.  60® 
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Flf.  7.9- 1.  Ninth  standard  configuration:  Caacade  geometry 
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Table  7.9-1 


Ninth  standard  configuration.  21  aeroelastic  test  cases 
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Inteurjteo  Pat ag!£l£Li 

The  trend  and  magnitude  of  the  aerodynamic  damping  coefficient  of  the 
different  models  versus  inlet  Mach  number  agree  well  for  a  2*  thick 
symmetric  double  circular  arc  profile  (Fig  7  9-3a)14  In  the  high  subsonic 
flow  region  the  flat  plate  analyses  predicts  a  somewhat  higher  aerodynamic 
damping  than  the  potential  flow  models  Or  a  flat-bottomed  5X  thick,  profile 
some  larger  differences  are  found  (Fig  7  9-3b) 

Blade  Surface  PressureDifferenc.es 

The  unsteady  blade  surface  pressure  difference  distribution  was  submitted 
for  several  aeroelastic  test  cases  For  moderate  thicknesses,  symmetric 
blades,  and  low  Mach  numbers  (McO  0)  the  full  geometry  models  predict  the 
same  unsteady  behavior  as  the  flat-plate  analyses  (Fig  7  9- 4a)  For  10% 
thickness,  a  slight  difference  is  found  (Fig  7  9-4b) 

At  higher  Mach  numbers,  differences  are  found  at  lower  thicknesses  (Fig  7  9- 
5) 

For  the  supersonic  inlet  flow  conditions,  only  one  prediction  model  was 
submitted  (Fig  7  9-6)  This  model  indicates  the  same  pressure  response  for 
I  3<M|< I  5,  with  a  2%  thick  airfoil  This  is  clearly  the  case  as,  for  Mach 
numbers  larger  than  M j  =  I  3,  the  leading  edge  shock  wave  passes  downstream 
of  the  trailing  edge  of  the  neighboring  blade  (compare  Fig  7  8-5a)  The 
results  obtained  from  a  5%  thick  flat-bottomed  DCA-cascade,  at  high  subsonic 
inlet  flow  conditions,  show  larger  differences  between  the  flat-plate 
analyses  (Method  1)  and  a  potential  flow  solver  (hethod  3)  than  on  the 
symmetric  profiles  These  results  are  given  in  Fig  7  9-7 
As  the  Mach  number  increases  from  M)=0  5  (Fig  7  9-7a)  to  M|=0  9  (Fig  7  9- 
7d),  it  is  found  that  the  differences  between  the  flat  plate  analyses  and  the 
potential  flow  theory  increase,  both  in  magnitude  (Acp)  and  phase  angle  (*aP) 
For  the  highest  Mach  number  the  influence  of  the  shock  (at  x,hOck=0  4)  is 
clearly  seen  with  the  potential  flow  solver  (method  3),  whereas  the  flat  plate 
anlyses  indicates  different  distributions  for  acp  and'  *Ap  (Fig  7  9-7d) 
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b)  M,=0.7 


104 


*c.*uLLAom,H r  in  u>KDuiiAcni«t3  standard  configurations 


•  .  o.  IN 

r  *  o.n 

r  *  so. 

Mm  «  0. 5 
y«  t  (i. 

.  - 

*i  .  -60. 

i  t  0. 

H,.  - 

h' 

*t.  - 

N,  i  - 

•  i  0W9 

u  i  - 
h  i  1.0 

•  i  - 

o  i  90.  I 

4  t  0.  W 
UNSTABLE  I 

stable 


HOT  7. •-*.!»  AIKTh  VMOMO  CO**  I  GUM T  (ON.  CAMS  1.S.7.I0  15 
nenOOTNAMIC  MOM  MO  OMTIMC  COCFf  JCIEMT5 
t«  OtHMOMCt  Of  tW.E1  NftCH  ftjMMI. 


I 


a)  0=0  02 


b)  d=0.05 


Fig.  7.9-3. Ninth  standard  configuration.  Aerodynamic  damping  coefficient 


Fig.  7.9-4. Time-dependent  blade  surface  pressure  difference 
coefficient  for  different  blade  thicknesses  (symmetrical  profiles,  M=0.0). 
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PLOT  7.  9- 3.  20«  N1WTN  STBNORMO  C0Nf  JCWNAT! ON.  CASE  20. 

MAGNITUDE  AMO  PHASE  LEW  OF  UNSTEAOT  »LAOE 
SUAFACC  PAESSUAE  DIPFEACNCE  OISTAIDUT {On , 
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NBGMITUOE  ON0  PHASE  l£AO  V  tlNSTEOO’  8LAOF 
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C)  M,  =  0.8  d)  Mi  =  0  9 

Fig.  7.9-7.  Unsteady  blade  surface  pressure  difference  coefficient  for  a 
flat-bottomed  DCA-cascade  (*=45°,  H»=0.05,H_=0.0) 
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Blade  Surface  Pressures 

As  for  the  blade  surface  pressure  difference,  the  blade  surface  pressures 
agree  well  for  the  Methods  2  and  3  for  low  Mach  numbers  and  moderate 
thickness  (Fig.  7.9-8a).  However,  although  acp  agreed  well,  some  slight 
discrepancy  is  found  in  the  local  pressure  values  at  a  moderate  inlet  Mach 
number  and  blade  thickness  (Mi=0.5,  d=0.02;  Fig.  7.9-8P).  This  discrepancy 
can  possibly  be  explained  by  the  fact  that  the  theoretically  determined 
acoustic  resonance  is  situated  close  to  M=0.50  (M#c  res=0  53).  At  higher  Mach 
numbers  (Mi  =0.7,  0  8)  the  discrepancy  is  also  present,  although  now  rather  in 
the  phase  angle  than  in  the  magnitude  (Fig.  7.9-8c,d). 

For  the  supersonic  cases,  only  one  model  (Method  2)  was  applied  (Fig.  7.9-9). 
As  for  the  pressure  difference  coefficient,  only  small  differences  are  found  in 
the  region  l.3<Mj<l.5.  It  is  seen  that  both  the  upper  and  lower  surface 
values  (cp)  decrease  with  increasing  Mach  number.  Zhis  simultaneous  change 
is  the  reason  for  the  fact  that  Acp  is  practically  constant  for  these  different 
Mach  numbers. 

For  the  flat-bottomed  DCA-cascade,  the  local  blade  surface  pressure 
coefficient  is  largely  influenced  by  the  inlet  flow  conditions  (Fig.  7.9-10)15. 
As  the  Mach  number  increases,  the  phase  angle  encounters  phase  shifts.  This 
is  especially  clear  at  Mj=0.9,  where  the  suction  (upper)  surface  phase  angle 
(♦pUJ)  performs  three  shifts  over  the  chord  (Fig.  7.9- lOd). 

Recent  Experimental  Results 

Recently,  time-dependent  experiments  on  cascades  with  Double  Circular  Arc 
profiles  in  the  high  subsonic  velocity  domain  have  been  started  [46,60,62). 
Some  theoretical  results  on  the  experiments  presented  in  [601  have  also 
recently  become  available  [5,61,631.  Both  the  experimental  and  theoretical 
difficulties  in  this  velocity  domain  are  considerable,  and  it  is  our  hope  that 
some  of  these  new  investigations  may  be  presented  and  discussed  in  detail  at 
the  Aachen  Symposium  on  Aeroelasticity  in  1987. 


15  The  results  at  Mj=0.5  may  be  influenced  by  the  acoustic  resonance  at 


M 


acres 


=0.55. 


t 


AEROELASTICITY  IN  TURB0MACHINE3:  Standi 


r 

«o 

»« 

"l 

p, 

i 

"i 

P* 

*» 

*T 

(0 

k 

8 

a 

d 


0.  IM 
0.75 
60. 
0.5 
0. 
1.3 
-60. 


.0349 


90. 

0.02 


f 


unstable" 


PLOT  7.9-2. tit  NINTH  STANDARD  CONFIGURATION.  CASE  II. 

MAGNITUDE  AND  PHASE  LEAD  OF  UNSTEADY  BlAOE 
SURFACE  PRESSURE  DISTRIBUTION. 
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t>)  M|  =  1.4 


Fig.  7.9  -9.  Time-dependent  blade 
surface  pressure  coefficient  for  a 
symmetric  DCA-profile  at  different 
supersonic  inlet  Mach  numbers  (d=0.02) 
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Conclusions  for  the  Ninth  Standard  Configuration 

The  study  on  Double  Circular  Arc  profiles  in  sub-  and  supersonic  flow 
indicates  that  only  a  few  prediction  models  which  consider  the  full  blade 
geometry  outside  of  the  incompressible  flow  domain  presently  exist.  For  the 
study,  two  methods  were  used  (Methods  2  and  3)  The  results  from  these  two 
methods  agree  well  in  most  cases  presented.  However,  discrepancies  can  be 
found  at  high  subsonic  Mach  numbers.  These  increase  with  increasing  Mach 
number  and/or  thickness  ratio 

It  would  be  of  large  interest  to  the  aeroelasticity  community  if  the  present 
experimental  and  theoretical  efforts  [5,60-63}  could  be  coordinated  as  to 
simultaneously  perform  both  experiments  and  predictions. 
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8.  Summary  and  Conclusions 
Summary 

An  international  study  to  define  the  state-of-the-art  of  theoretical  and 
experimental  aeroelastic  investigations  in  turbomachine-cascades  has  been 
conducted. 

The  project,  which  was  initiated  during  the  second  Symposium  on 
Aeroelasticity  121,  has  given  the  first  general  comparison  of  aeroelastic 
information  between  a  larger  set  of  experimental  data  and  the  major 
theoretical  prediction  models  available  presently. 

Through  the  interest  shown  by  both  industrial  and  govememental  institutions, 
it  has  become  clear  that  the  study  corresponds  to  an  urgent  need  for 
establishing  the  state-of-the-art  of  aeroelastic  Investigations  in 
turbomachines,  and  to  coordinate  and  initiate  new  experimental  and 
theoretical  projects  This  is  especially  important  as  the  understanding  of  the 
physical  phenomena  causing  flutter,  especially  in  the  transonic  flow  domain, 
can  be  achieved  only  by  mutual  experimental  and  theoretical  approaches. 

The  configurations  under  investigation  consist  of  different  blade  and  cascade 
geometries,  various  steady-state  and  time-averaged  flow  conditions,  and 
different  blade  vibration  modes.  However,  as  no  prediction  models  for 
separated  flow  were  offered  for  analyses,  the  study  was  confined  to  attached 
flow  conditions.  Furthermore,  all  experiments  offered  as  test  cases 
considered  rigid,  uncoupled,  body  motions  in  either  torsion  or  bending, 
therefore  the  conclusions  are  not  valid  for  coupled  and/or  non-rigid  blade 
vibrations. 

The  study  indicates  well  in  which  flow  domains,  and  on  which  sort  of 
profiles,  present  two-dimensional  theoretical  models  can  accurately  predict 
the  aeroelastic  behavior  of  a  vibrating  cascade  and,  in  particular,  its  stability 
margins. 

State-of-the-Art  of  Aeroelasticity  in  Turbomachine-Cascades 

With  present  experimental  methods  it  is  possible  to  measure  accurately  the 
time-dependent  pressure  fluctuations  on  vibrating  turbomachine  blades,  as 
well  as  in  the  blade-passage  between  the  blades,  in  linear  and  annular  wind 
tunnels  in  the  subsonic  attached  flow  domatn.  However,  the  procedures  are 
costly,  far  from  routine,  and  considerable  efforts  are  necessary  to  guarantee 
the  accuracy  of  the  results  Among  the  difficulties  to  consider  can  be 
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mentioned,  apart  from  the  problems  in  establishing  periodic  steady-state 
flow  conditions  in  cascades: 

•  establishment  of  unsteady  flow  periodicity  conditions 

•  realization  of  sufficiently  high  blade  vibration  amplitudes 

•  control  of  interblade  phase  angles 

•  determination  of  data  accuracy 

•  determination  of  unsteady  boundary  layer  separations,  especially  local 
separation  bubbles 

Also  in  the  transonic  and  supersonic  flow  regimes  it  is  today  possible  to 
obtain  highly  accurate  data  However,  shock  waves  and  shock/boundary  layer 
interactions  can  considerably  complicate  the  measurement  accuracy 
Furthermore,  the  manner  of  integrating  the  aeroelastic  damping  coefficient, 
and  the  number  of  pressure  transducers  used,  may  influence  the  magnitude  and 
stability  limits,  especially  in  the  transonic  flow  region  where  strong,  mostly 
unsteady,  shocks  are  present 

As  regards  the  theoretical  methods,  it  is  today  possible  to  predict  accurately 
the  local  blade  surface  pressure  distribution,  aeroelastic  lift  and  moment 
coefficients,  as  well  as  the  aeroelastic  damping  coefficients,  for  blades  of 
different  shapes  in  two-dimensional  subsonic,  attached  flow  This  has  clearly 
been  demonstrated  in  the  first  (6*  thick,  10*  camber;  n=0.2;  compressor 
cascade)  and  fourth  (17*  thick;  45°  camber,  M|  =0.2,  turbine  cascade)  standard 
configurations  Different  theories  (including  flat  plate  methods)  predict 
similar  results  in  the  low  subsonic  flow  regions  on  thin  airfoils  (first 
standard  configuration),  whereas  discrepancies  are  apparent  for  higher  flow 
velocities  with  thin  (eighth  standard  configuration)  or  moderately  thick  (fifth 
and  ninth  standard  configurations)  blades  at  high  reduced  frequencies 
At  lower  reduced  frequencies  it  is  possible  to  predict  very  accurately  the 
unsteady  pressures  on  thick,  cambered  turbine  blades  in  bending  vibration 
(fourth  standard  configuration) 

Local  pressure  differences  (on  the  blade  surface)  between  experimental  data 
and  predicted  results  on  a  compressor  cascade  in  moderate  subsonic  flow 
(fifth  standard  configuration)  may  possibly  be  explained  by  local  unsteady 
separation  bubbles,  as  well  as  by  the  fact  that  only  one  blade  was  considered 
to  vibrate  in  the  experiment 

Also  in  the  supersonic  flow  domain  the  prediction  methods  (including  flat 
plate  anlyses)  seem  able  to  predict  fairly  accurately  the  aeroelastic  damping 
coefficient  (seventh  standard  configuration).  This  is  clearly  the  case  as 
compressor  blades  in  this  flow  region  are  thin  and  moderately  cambered. 
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However,  in  this  flow  regime  major  discrepancies  are  found  between  the 
predicted  and  the  experimental  pressure  and  moment  coefficients,  especially 
in  the  phase  angles  (seventh  standard  configuration).  It  is  not  clear  a  priori 
whether  these  discrepancies  should  be  attributed  to  the  theoretical  models  or 
if  scatter  in  the  data,  as  well  as  shock/boundary  layer  interactions  and 
boundary  layer  separations,  plays  a  significant  role. 

Indications  that  a  strong  leading  edge  shock  wave  may  significantly  alter  the 
aeroelastic  behavior  of  a  flat  plate  cascade  in  supersonic  flow  at  high 
reduced  frequencies  were  given  (eighth  standard  configuration)  However,  a 
more  detailed  study  should  be  performed  before  any  conclusions  about  these 
results  are  drawn. 

The  trends  of  the  aeroelastic  behavior  of  thick,  cambered  turbine  blades  in 
the  transonic  flow  domain  are  predicted  (fourth  standard  configuration)  The 
agreement  between  the  data  and  the  predicted  results  ranges  from  extremly 
good  (subsonic  flow)  to  moderate  (transonic  flow). 

In  general  it  can  be  concluded  that  although  the  fundamental  physical  reasons 
for  the  flutter  are  not  fully  understood,  present  two-dimensional  prediction 
models  give  good  approximations  for  test  cases  in  attached  two-dimensional 
and  quasi  three-dimensional  flow.  However,  no  fully  three-dimensional  models 
(with  blade  thickness  taken  into  account)  exist,  and  no  attempts  were  made 
to  predict  the  aeroelastic  behavior  of  stalled  flow 

Further  Work 

The  results  of  the  study  are  encouraging,  but  a  lack  of  understanding  of 
flutter  phenomena  exists  in  several  domains.  The  project  has  shown  that  it  is 
presently  possible  to  predict  flutter  in  some  cases,  at  least  in  two- 
dimensional  attached  flows.  However,  the  detailed  pressure  distribution  on 
the  blades  cannot  be  predicted  as  well,  especially  in  transonic  flows 
Furthermore,  three-dimensional  effects  and  their  influence  on  the  stability  of 
turbomachine-blades  are  not  well  known 

Hence,  to  model  the  physical  aspects  of  flutter  better,  projects  in  the 
following  domains  are  solicited: 

•  transonic  two-dimensional  attached  flow  in  turbines  and  compressors 

•  quasi  three-dimensional  and  three-dimensional  investigations  in  attached 
flow,  throughout  all  velocity  domains 

•  stalled  two-dimensional  flow 

•  rotating  machines 
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•  accuracy  analyses  of  time-dependent  pressures  and  their  phase  angles 
towards  the  blade  motion 

•  experimental  techniques  to  evaluate  the  unsteady  pressures  in  rotating 
machines 

•  experimental  determination  of  unsteady  wave  propagations  up-  and 
downstream  of  blade  rows  in  linear  and  annular  cascade  facilities 

•  experiments  with  coupled  blade  vibration  modes 

•  unsteady  boundary  layer  investigations 

During  the  project,  several  interesting  experimental  and  theoretical 
investigations  were  started.  One  of  these  concerns  experiments  on  transonic 
turbine  profiles,  and  the  results  are  included  here  as  the  fourth  standard 
configuration  Among  the  others  can  be  mentioned: 

•  In  the  experimental  domain: 

-  two-dimensional  and  quasi  three-dimensional  studies  on  Double  Circula 
Arc  profiles  in  high  subsonic  and  transonic  flow  domains  146,  49,  60,  62) 

-  two-dimensional  and  quasi  three-dimensional  studies  on  a  fan  section 
in  the  high  subsonic,  transonic  and  supersonic  flow  domains  [65]. 

-  flat  plate  investigations  (turbine)  in  the  transonic  flow  region  [691 

•  In  the  theoretical  domain: 

-  two-dimensional  unsteady  perturbation  solvers,  based  on  the  Euler 
equations. 

-  two-dimensional  fully  unsteady  Euler  solvers  [47,  67,  68] 
Simultaneously,  considerable  improvements  have  been  made  on  experimental 
and  theoretical  projects  already  started. 

It  is  hoped  that  new  results  will  continue  to  be  introduced  in  the  workshop  so 
as  to  continue  the  international  collaboration  which  has  now  been  established. 
Such  a  collaboration  will  certainly  make  aeroelastic  knowledge  progress 
faster  than  if  only  individual  and  independent  projects  are  considered 

Applicability  to  Flutter  in  Rotating  Hachines 

The  final  objective  of  the  aeroelastician  is  obviously  to  give  the  designer  the 
necessary  tools  for  preventing  flutter  in  rotating  machines.  However,  such  a 
far-reaching  objective  does  not  correspond  to  the  state-of-the-art  of 
aeroelastic  knowledge,  either  for  prediction  models  or  as  regards  well- 
documented  experimental  data  to  be  used  for  the  validation  of  theoretical 
models  The  best  approach  today  to  blade  flutter  prevention  in  turbomachines 
is  to  use  existing  two-dimensional  prediction  models,  couple  them 
extensively  with  in-house  empirical  data  and  then  perform  comprehensive 
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tests  on  the  machine.  However,  this  procedure  is  extremlg  costly,  and  will 
give  an  answer  only  for  the  aeroelastic  response  of  the  machine  being  tested 
This  has  especially  been  seen  in  the  present  study,  as  prediction  models  gave 
correct  stability  limits  in  some  cases,  while  being  far  out  in  the  prediction 
of  the  unsteady  pressure  forces  acting  on  the  blades.  Furthermore,  most 
flutter  failures  seem  to  appear  in  the  transonic  and/or  stalled  flow  regions, 
for  which  only  a  few  prediction  models  (mostly  empirical)  and  experimental 
set-ups  exist  today. 

It  thus  seems  to  the  editors  of  the  present  study  that  several  basic 
experimental  and  theoretical  research  projects  still  have  to  be  carried  out  to 
clarify  the  flutter  phenomena  in  cascades  (see  the  previous  section).  Only 
with  such  an  approach  will  it  be  possible  to  find  out  exactly  why  a  certain 
stage  fluttered  although  it  was  perhaps  predicted  to  be  stable 
Simultaneously,  detailed  flow  surveys  in  the  machine  under  flutterconditions, 
which  are  very  difficult,  and  especially  the  feedback  of  this  information  into 
cascade  tests  and  prediction  models,  are  necessary.  Obviously,  this  last  piece 
information  will  mostly  be  of  a  proprietary  nature. 

It  is  the  editors  belief  that  although  cascade  experiments  and  two- 
dimensional  prediction  models  can  replace  full-scale  machine  tests  only  to  a 
small  extent,  a  continued,  long-term  joint  scientific  collboration  of  the 
present  kind  will,  be  of  benefit  to  the  designer  of  turbomachines,  especially 
as  long  as  a  large  data-bank  of  detailed  three-dimensional  unsteady  blade 
surface  pressure  data  is  not  available 
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Appendix  At:  Pressure  Response  Spectra  Contributing  to  the 
Aerodynamic  Work  in  Two-dimensional  Flow  With  Rigid  Body 
Motions. 

The  fundamental  consideration  of  the  data  reduction  processes  most  often 
used  for  evaluation  of  aeroelastic  experiments  is  that,  although  the  pressure 
response  on  the  vibrating  blades  may  be  highly  non-harmonic,  it  is  only  the 
frequency  (or  frequencies  in  the  case  of  higher  harmonics),  of  the  pressure 
response  spectra  corresponding  to  the  blade  vibration  that  contributes  to  the 
aerodynamic  work.  This  follows  from  the  orthogonality,  over  a  period,  of  the 
components  of  the  Fourier  series  expansions,  and  can  be  demonstrated  as 
follows  / 15,28/ 

Assume  a  blade  vibration,  in  pitching  mode,  a(t)  and  an  unsteady  perturbation 
moment  signal  cm(t),  which  can  both  be  expressed  as  Fourier  series  with  o  as 
the  fundamental  frequency 

00 

«(t)  =  1  ane'  Inw  Un  *0J 

n=  1 

00 

cm(t)  =  1  cmkeHk«Uk*m) 

k=  1 

With  d«(t)  =  (da/d(Qt)l-d(ti>t) 

the  aerodynamic  work  cv  becomes,  according  to  (Eq.  13) 

2ir  oo  co 

Cy  =  jRe{i  «k  cmkeHkwt+k+ml}.Re{i  ^  n-«neHnwUn*a)}.d(wt)  = 

0  k= 1  n=1 

2*  00 

=-  )  ak-cmk  cos[kwt+k#m)  }• 

0  k=l 
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oo 

{2nan’Sin(n<*>t+n*al}  d(«t)  = 

n=1 

00  00  2 if 

=-  1  In  otkC^hn  J  costktft+k+J'Sinfnwt+n*,;,)  d(ot) 

k=1  n=l  0 

00  00 

With  the  abbreviation  f(I)  =  -  i  1  n  <*kCmkan 

k=t  n=l 


we  obtain: 

Cy  =f(2)J  {cos(k<i)t)'cos(k*m>-sin(kot)sin(k#m)}- 

{sintnotJcostn+cj+costnoO'SinCn#,,,)}  -dtot)  = 

=f(I)' J  {costkoO'Sin^oO-costktmicostn*,;,)  * 

cos(kQt)cos(not)'Cos(k*m)-sin(n#K) 
sinfkoU'Si^nuO-sinCk+mJ-cos^c) 
sin(k«t)>cos(n<at)-sin(k*m)'Sin(n#<x)}  d(ot)  = 

=0.5f(2)J{[sin(wt{k+nI)-sin(wt[k-nl)lcos(k*m)cos(n*a)  + 
IcosCwtlk+nD+cosfotlk-nDJ-sintk^mJ-cosfn+a)  - 
[sin(«t{k+n])+sin(ot(k-n|)]-sin(k*m)-sin(n*a)}  d(«t)  = 


00 

=-0.5^  k  «k2cmk'2if'[cos(k*m)  sin(k*a)-sin(k*m)-cos(k*C()]  = 
k=1 


=»•  2  k  «k2cmk'Sin(k[*m-*a)) 
k=l 


as  only  the  integrals 
2ir 

J  . (k-n)  *  0  if  and  only  if  k=n. 

0 

Thus,  in  computation  of  the  aerodynamic  work  and  damping  coefficients,  only 
the  frequencies  of  the  pressure  response  spectra  corresponding  to  the  blade 
vibration  frequencies  contribute  to  the  resulats 
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Appendix  A2.  Definition  of  Positive  and  Negative  Aerodynamic  Work. 
Stability  Limits. 

Depending  on  the  geometry  of  the  blades  and  the  stagger  angle,  as  well  as  on 
the  time-averaged  and  time-dependent  (low  conditions,  the  aerodynamic  work 
done  by  the  flow  on  the  blade  can  be  either  positive  or  negative  if  the  work 
is  positive,  the  flow  gives  energy  to  the  blade  every  vibration  cycle,  which 
implies  that  the  blade  vibration  amplitude  will  increase  every  cycle.  If,  on 
the  other  hand,  the  work  is  negative  the  blade  gives  energy  to  the  flow  which 
implies  that  the  flow  damps  the  blade  vibration 

The  sign  of  the  aerodynamic  work  depends  on  the  phase  angle  between  the 
blade  vibration  and  the  time-dependent  force  acting  on  it  This  is  clearly  seen 
in  the  case  of  harmonic  blade  vibration  and  force  response  o: 

h(t)  =  h  •  etot  (Translation  mode) 

c„(t)  =  c„  ■ 

where  is  the  phase  angle  between  the  blade  motion  and  the  force  response 
(positive  when  the  force  leads  the  motion). 

By  considering  the  aerodynamic  work  over  a  cycle  of  vibration  as  the  integral 
of  the  product  of  blade  velocity  and  force,  we  obtain 

=  If  Re{dh(t)}  •  Reihch(t)}  =  -h,*Cfc,J#*wsin(wt)-cos(u)U*fc)  = 

=  »f-h2-C|,*sinP(, 

Therefore,  the  blade  vibration  is 

unstable  if  0*  <  *b  <  180' 

stable  if  180*  <  <  360* 

The  stability  limits  (CytrO)  are  thus  found  to  be  =  o*  and  180*. 

The  same  result  is  found  also  If  a  non- harmonic  force  response  is  assumed 
(compare  Appendix  A1). 
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Appendix  A3:  Acoustic  Resonance. 


The  acoustic  resonance  is  a  phenomenon  which  theoretically  puts  an  infinite 
cascade  of  flat  plates  into  resonance.  It  appears  (for  linearized  theories) 
when  the  interblade  phase  angle  corresponds  to  the  time  a  perturbation  takes 
to  travel  from  one  point  on  blade  "O'  to  a  corresponding  point  on  blade  *+r 
(Fig.  A3. 1). 

Two  different  methods  of  approach  for  explaining  this  phenomenon  are  given 
in  the  following.  The  first  is  a  purely  geometrical  interpretation,  whereas  the 
second  introduces  a  small  perturbation  theory. 

Geometrical  interpretation, 

ff  the  blade  movements  are  assumed  to  be  simple  harmonics  with  constant 
interblade  phase  angles  (f),  then 

h0  =  h'Sin(ot)  (A3. 1 ) 

h,  =  tvsin(ot+e) 

where  the  indexes  0  and  ,  denote  the  blades  "O’  and  "+r,  respectively 
A  perturbation  propagates  from  blade  "0‘  toward  blade  "+r  along  the  pitch 
with  the  velocity  (Fig.  A3. 1 ): 

qpt  =  q  I  ■cos(90-,j)  +  acosa  (A3.2) 


where 


a  =  velocity  of  sound. 
cos«  ={1-MI2'Sin2(90-j))0.5 

Thus,  the  time  for  a  perturbation  from  blade  ”0”  to  reach  blade  '+!'  is 

At  =  T/qp+  =  r/{a'[M!-CQs(90-f)  t  (t-f112-sin2(90-i))0.5]} 

(A3. 3) 


I  I 
*1  *0+^0 


\X, 


Fig.  A3.1.  Illustration  of  acoustic  resonance. 
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A  perturbation  leaving  blade  "0"  at  time  t=tO  will  thus  reach  blade  ''+  r  at 
time  t=tl=tO+At 

If  the  interblade  phase  angle  is  such  that  blade  "+r  is  in  the  same  position  at 
time  tl  as  blade  ‘O’  was  at  time  to,  then  (Fig.  A3.1) 

•+<Mt  =  n-wT0  ,  where  n  is  an  integer.  (A3  4) 

Thus,  »ac  res  =  -o-At  (as  T0  is  the  period  of  a  cycle)  (A3.5) 

wherefore 

•acres*  =  -Q-r/(a-(t11'C0s(90-'j)  ±  (1-M12  sin2(90-|))0  51) 

(A3  6) 

The  acoustic  resonance  can  thus  be  predicted  analytically 
In  linearized  theories  (see  below),  the  infinity  number  of  blades  leads  to  an 
infinite  series  expression  for  the  unsteady  pressure  field  This  serie  has  a 
singular  term  as  the  interblade  phase  angle  approaches  *ac  res*  and  resonance 
is  observed  /72/. 

From  eq  (A3. 6)  it  is  concluded  that  for  every  blade  vibration  frequency,  two 
phase  angles  exist  when  the  cascade  comes  into  resonance  condition 
(oac  res).  If,  for  a  certain  interblade  phase  angle  in  subsonic  flow  the 
vibration  frequency  is  less  than  this  value,  i.e.  oxoac  res,  Verdon  1121  and 
Samoilovich  /58/  have  classified  the  blade  vibration  as  subresonant 
Similarly,  if  oxaac.res  the  vibration  is  said  to  be  superresonant.  (This 
classification  is  only  valid  in  the  subsonic  flow  domain  /72/ ) 

According  to  linearized  theory  in  subsonic  flow,  unsteady  disturbances 
attenuate  for  subresonant  motions,  but  they  persist  in  the  far  field  when  the 
blade  vibration  is  superresonant  (/72,58/). 

Interpretation  based  on  small  perturbation  theoru. 

Departing  from  the  full  Euler  equations  describing-  the  two-dimensional 
unsteady,  inviscid,  compressible  flow  through  a  cascade,  written  in 
differential  form  as  in  eq.  (4.1),  and  performing  a  small  perturbation  on  an 
otherwise  undisturbed  flow  as  g  =  g  +  9,  where  g  is  any  steady-state  flow 
variable,  and  g  the  unsteady  perturbation  part,  the  following  perturbation 
eauation  system  can  be  obtained  (w  =  velocity  in  x  direction,  v  =  velocity  in  y 
direction). 
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df/at  ♦  |-dw/dx  ♦  w  df/dx  ♦  f  dv/dy  ♦  vdf/dy  =  0 

aw/at  ♦  w-aw/ax  ♦  v-dw/ay  ♦  (ap/ax)/|  =  o  (A3.7) 

av/at  ♦  w-av/ax  +  v  av/ay  +  (ap/ay)/t  =  o 

In  this  equation  system  only  first  order  perturbation  terms  have  been 
retained 

Furthermore,  assuming  that  the  unsteady  part  of  the  flow  variable  g  can  be 
written  as  g  =  gei(<ot  +  cx  +  Ay},  the  equation  system  (A3. 7)  becomes, 
together  with  the  isentropic  relationship  a2=p/f : 

p(o+ew+Av)  ♦  a2|cw  ♦  Aa2(v  =  0 

pc/|  ♦  (o+cw+Av)w  +0  =0  (A3. 8) 

pA/|  +0  +  (w+cw+Av)v  =  0 

This  equation  system  has  a  non-trivial  solution  if,  and  only  if,  its 
determinant  is  zero,  wherefore: 

(o+ew+Av)3  -  (a2  c2  +  a2A2)(<i>+cw+Av)  =  0  (A3.9) 

In  x  direction  this  equation  has  3  solutions: 
c  =-(<■>♦  Av)/w  ;  i  e.  c  is  real 

c  ={-w-(o+Av)  ♦  aI(u+Av)2  +  A2,(w2-a2)J0,5}/{w2-a2},  c  real  or  complex 

(A3. 10) 

In  the  case  that  c  is  complex  (c  =  cR  ♦  it,),  the  unsteady  perturbations  will 
attenuate  in  x  direction  as 

g  =  g.ej{wt  ♦  cx  ♦  =  g  eilwt  *  c*x  *  X»}  e-t,x  (A3.1I) 

If  instead  c  is  real,  the  unsteady  perturbations  will  propagate  through  the 
flow  field  unattenuated 

If  the  perturbations  attenuate,  the  unsteady  flow  phenomena  is  called 
"subresonant"  (or  "cut-off  condition").  If  however  the  perturbations  do  not 
attenuate,  the  flow  is  called  "superresonant"  /72,58/ 

From  equations  (A3 .10)  and  (A3  11)  it  is  seen  that  the  sub-  and  super- 
resonant  regions  depend  on  the  factor  f=  ((w+Av)2  ♦  A2,(w2-a2)].  If  this  value 
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is  f<  0,  the  flow  is  subresonant,  whereas  it  is  superresonant  if  the  factor  is 
f>0 

Thus,  for  subresonant  flow, 

I(«*Xv)2  +  X2(w2-a2)l  <0  *  (a-w)  >  Utt+Xv)2}/{X2(w*a)} 


which  indicates  that  the  subresonant  and  superresonant  regions  are  different 
for  sub-  and  supersonic  flows. 

At  the  separation  between  the  two  domains,  the  factor  f=  Ko+Xv)2  +  xMw2- 
a2)!  is  zero,  t  is  then  real,  and  the  unsteady  perturbations  can  propagate  in  z 
direction  In  this  case,  a  special  phenomena,  the  acoustic  resonance,  can 
appear  in  y  direction  (=pitch  direction,  see  Fig  A3.1).  If 


w  =  q,‘Cos  i 

v  =  q,-sin  j 

X  =  (•-2irn)/T,  with  n  =  integer. 


then  f  =  l(<a+Xv)2  ♦  X2>(w2-a2)!  =  0  » 

Xt  =  {<u[-v  +  (a2-w2)05l/lv2*w2~a2])  » 

»♦  =  2irn  -  {ot}/{alM1sin-j4{l-tt,2cos2i)0,5]) 


which  is  the  expression  for  the  acoustic  resonance  in  equation  (A3.6). 
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Appendix  A4.  Time-Dependent  Data  Acquisition  and  Reduction 
Procedures  Used  in  the  Standard  Configurations. 

First  Standard  Configuration. 

i  For  convenience!,  this  section  of  the  present  report  has  been  copied  from  the 
NASA  Contractor  Report  3513  by  F.  ft.  Carta  ft 5J) 

During  unsteady  testing,  data  are  collected  by  two  systems,  one  which  stores 
and  computes  pertinent  steady-state  parameters  and  provides  on-line 
monitoring  of  external  flow  conditions,  and  one  which  collects  and  stores  all 
unsteady,  high  response  data  for  subsequent  processing  The  latter  is  here 
described  briefly. 

Unsteady  blade  and  sidewall  pressures  and  blade  angular  displacement  are 
obtained  as  time  varying  voltages  which  are  conditioned  and  amplified  in  an 
instrumentation  package  mounted  close  to  the  wind  tunnel  (to  reduce 
transmission  noise  of  low  level  siganals).  These  high  response  transducer 
outputs  are  acquired  and  recorded  in  digital  form  for  subsequent  off-line 
processing  by  the  Aeromechanics  Transient  Logging  and  Analysis  System 
(ATLAS)  which  accepts  up  to  26  channels  of  data.  Each  channel  may  be 
amplified  and  filtered  as  required.  The  heart  of  the  system  is  a  26  channel 
transient  recorder  which  digitizes  and  stores  each  channel  simultaneously  at 
sampling  rates  up  to  200  kHz  as  selected  by  the  operator  System  control  is 
provided  by  a  Perkin  Elmer  7/16  minicomputer  system  which  interfaces  with 
the  operator  through  graphics  display  terminal.  The  data  system  is  capable  of 
self-calibration  using  a  built  in  programmable  voltage  standard  which  is 
under  computer  control.  The  system  offers  several  modes  of  operation  ranging 
fri»m  fully  manual,  where  each  step  in  the  sequence  (calibration,  acquisition, 
and  recording)  is  under  operator  control  with  the  capability  of  aborting  at  any 
time,  to  fully  automatic  where  these  tasks  are  computer  controlled  according 
to  preset  parameters.  Data  acquisition  may  be  initiated  manually,  by  the 
computer,  or  on  receipt  of  an  external  trigger  pulse  For  this  program,  the 
system  was  run  in  the  manual-trigger  mode  Typically,  the  operator  at  the 
computer  console  instructs  the  system  to  acquire  data,  using  the 
preprogrammed  software  on  the  minicomputer  program  disk  and  several 
specific  instructions  pertinent  to  the  particular  experiment  in  progress 
Acquired  data,  consisting  of  1024  time-correlated  samples  for  each  active 
channel,  can  be  spot-checked  by  the  operator  by  displaying  the  contents  of  the 
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memory  of  each  channel  on  a  huiH  in  scope,  or  can  be  recorded  directly  on  a 
digital  magnetic  tape  for  subsequent  off-line  processing 
The  acquisition  rate  for  all  unsteady  data  was  set  at  1000  samples/sec.  Thus, 
for  the  three  nominal  test  frequencies,  f=9.2,  15  5,  19.2  Hz,  there  were  9  4, 
15.9  and  19.7  cycles  of  data  available  for  analysis,  or  conservatively,  there 
were  9,  15,  and  19  full  cycles  available.  Data  for  each  channel  were  Fourier 
analyzed,  primarily  to  provide  first,  second,  and  third  harmonic  results  for 
ease  in  analyses,  but  also  to  provide  a  compact  means  of  data  storage  for 
subsequent  use.  These  data  have  been  completely  tabulated  in  a  companion 
data  report  [151  in  which  each  run/point  combination  is  fully  documented  and 
described,  and  the  data  are  arranged  in  several  convenient  forms.  In  each  case 
a  total  of  10  harmonics  are  displayed  for  each  unsteady  channel.  It  is  seen 
that  this  is  well  within  the  bounds  of  the  conventional  sampling  theorem 
requiring  2  or  more  samples/cycle  in  the  highest  harmonic  of  interest. 


Third  Standard  Configuration. 

(For  convenience,  this  section  of  the  present  report  has  been  copied  from  the 
publication  'Unsteady  Aerodynamic  Force  Acting  on  ControUed-Oscil/ating 
Transonic  Annular  Cascade '  Py  H  FoPayashi  [451 ) 

The  measurement  of  time-dependent  data  includes  airfoil  oscillatory 
displacement,  unsteady  aerodynamic  moment  and  unsteady  pressure 
distribution  on  the  oscillating  airfoil  surface.  All  time-dependent  data  were 
recorded  on  FM  Magnetic  tape  recorder  with  frequency  response  2  5  kHz  and 
analyzed  with  a  Fast  Fourier  Transform  (FFT)  analyzer. 

Instrumented  airfoil  motion  was  measured  with  the  combination  of  a  small 
rod  fixed  on  airfoil  tip  section  and  eddy-current  type  displacement  sensors 
Unsteady  aerodynamic  forces  are  acquired  with  two  measuring  methods  One 
is  the  net  work  of  dual  strain  gauges  on  the  cross  spring  bars  machined  on 
the  trunnion  of  instrumented  airfoil,  which  gives  .the  information  of  unsteady 
aerodynamic  moment  caused  by  aerodynamic  force  acting  on  the  entire  blade 
surface.  This  method  has  the  advantage  to  understand  synthetically  the 
unsteady  phenomena  of  oscillating  airfoil,  but  it  connot  offer  the  information 
of  local  unsteady  phenomena  on  oscillating  blade  surface  The  measuring  data 
obtained  by  cross  spring  bars  contains  the  inertia  force  of  blade  and  so  the 
aerodynamic  moment  is  calculated  with  the  difference  between  the  moment  in 
flow  and  the  moment  in  vacuum  condition 
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The  other  is  the  measurement  of  unsteady  pressure  distribution  on  an 
oscillating  blade  surface,  which  can  offer  the  unsteady  aerodynamic  moment 
per  unit  span  and  the  unsteady  phenomena  on  the  local  blade  surface  As  for 
the  measuring  instrument  of  unsteady  pressure,  minute  pressure  transducers 
are  used  in  combination  with  probe  tubes  in  blade,  because  even  this  thinner 
transducer  cannot  be  enclosed  in  a  thinner  part  of  the  blade  section  and  also 
transducers  have  to  be  used  many  times  for  other  measurements  22  probe 
tube  systems  were  prepared  for  the  measurement  of  chordwise  unsteady 
pressure  distribution 

Now,  the  measuring  time-dependent  pressure  signals,  amplitude  A0  and  phase 
lag  +0,  are  necessary  to  be  corrected  with  the  frequency  response 
characteristic  data  of  probe  tube  measuring  system  (A$,  *3),  and  that  of 
electronic  data  acquisition  system  including  DC  amplifier  (Ap,  *p),  and  Data 
Recorder  (Ar,  4r)  Finally,  unsteady  aerodynamic  amplitude  Ap  and  phase  lag 
♦p  can  be  obtained  according  to. 

Ap  =  A0/{A3*Ap*Ar} 

♦p  =  {♦0+*3+*o+*r} 

Frequency-response  characteristics  (As,  ♦,)  of  probe  tube  system  were 
measured  with  an  apparatus  for  measurement  of  probe  tube  frequency- 
response  characteristics  In  the  apparatus,  the  fluctuating  pressure  is  made 
by  the  interaction  between  jet  flow  and  a  rotating  disc  with  sinusoidal  lobe 
shape  and  is  injected  into  flow  from  opposite  side  of  two  transducers  to 
make  unsteady  pressure  in  flow.  Frequency  of  fluctuating  pressure  can  easily 
be  controlled  by  rotational  speed  of  disc. 

The  frequency  response  characteristics  of  electronic  data  acquisition  system, 
DC  amplifier  and  Data  Recorder  are  also  measured  with  a  function  signal 
generator  and  an  FFT  analyzer. 

Using  32  time-averaged  transfer  function  data  of  blade  oscillation  signal  and 
corrected  time-dependent  pressure  signal,  unsteady  aerodynamic  moment  and 
chordwise  distributions  of  unsteady  pressure  amplitude  and  phase  lag 
referenced  to  blade  oscillation,  and  element  aerodynamic  energy  were 
calculated. 


Fourth  Standard  Configuration. 


(Courtesy  of  D  SchlafH  [2SU 
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The  unsteady  data  are  low-pass  filtered  and  then  recorded  on  an  analog  tape 

recorder  By  reproducing  the  data  at  a  lower  speed  than  recorded,  this 

procedure  allows  the  limitations  of  the  analog-to-digital  conversion  speed  on 
the  computer  to  De  overcome  The  data  reduction  procedure  is  as  follows  The 
frequency  of  the  forced  vibration  is  know  Thus  the  harmonic  part  of  the 
signals  can  be  evaluated  straightforwardly  by  computing  the  first  term  of  the 
corresponding  Fourier  series  In  this  case,  the  sampling  frequency  need  not  be 
an  integer  multiple  of  the  signal  frequency  as  required  by  ensemble  averaging 
and  FFT  techniques 

The  total  recorded  time  of  the  digitized  unsteady  signals  is  split  up  in 

sections,  for  which  amplitudes  and  phase  angles  in  relation  to  a  reference 

signal  are  computed  The  result  of  each  section  is  then  considered  as  a  single 
piece  of  data.  These  results  are  averaged  in  their  turn  to  yield  the  final 
result  (amplitude  and  phase  angle).  The  variance  of  the  section  results  is  used 
to  estimate  a  95*  confidence  interval  Typical  values  are  2'560  samples  per 
section  and  10  sections  per  total  record  length  (i.e.  25'600  samples  per 
channel  and  per  test) 

With  these  settings,  the  95*  confidence  limits  are  roughly  twice  the  sample 
mean  standard  deviation  (based  on  the  elementary  estimation  theory,  using 
Student's  T-distribution)  from  the  mean  value. 

The  sampling  frequency  is  selected  at  10-15  times  the  fundamental  of  the 
signal  frequency,  in  order  to  avoid  aliasing  problems 
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Fifth  Standard  Configuration. 

(For  convenience,  this  section  of  the  present  report  has  been  copied  from  the 
the  publication  "4  Straight  Cascade  Wind  Tunnel  Study  Of  Fan  Blade  Flutter 
inStarted  Supersonic  Flow",  by  £  Scechenyi.  /  Ca fare/ if.  C  No  tin,  J  F.  Sirau/t 
fJOl) 

Two  distinct  types  of  aeroelastic  measurements  are  made,  those  giving 
"direct"  coefficients  (the  case  of  forces  acting  on  a  vibrating  blade  with  all 
other  blades  fixed)  and  those  giving  coupling  coefficie'  (the  influence  of 
the  vibration  of  neighboring  blades). 

Only  one  blade  is  instrumented  to  mesure  aeroelastic  coefficients  but  it  can 
be  placed  in  any  position  in  the  cascade.  One  of  the  blades  is  made  to  vibrate 
in  either  pitching  or  heaving.  The  pitching  mode  is  usually  about  the  mid¬ 
chord  axis 

The  aeroelastic  force  coefficients  are  determined  as  the  transfer  functions 
between  the  vibratory  motion  and  the  resulting  lift  or  moment. 

In  this  testing  technique,  the  assumption  is  made  that  the  direct  and  coupling 
terms  combine  linearly  so  that  a  vectorial  addition  can  be  made  Thus  the 
total  coefficient  for  a  blade  in  an  infinite  cascade  is: 

♦OO 

ctotai  =  2  cnein® 

n=-oo 

where 

•  n  is  the  blade  index  (n=0  is  the  vibrating  blade,  n<0  are  the  "upstream" 
blades,  n>0  are  the  "downstream"  blades) 

•  cn  is  the  complex  coefficient  measured  on  blade  n, 

•  t  is  the  blade-to-blade  phase  angle. 

The  imaginary  part  of  the  coefficient,  cjot#i,  is  a  measure  of  aeroelastic 
damping  For  ct0tai<0,  aeroelastic  damping  is  negative  and  flutter  conditions 
exist 

The  experimental  verification  of  this  assumption  is  reported  in  detail  in  17 H 
From  the  above  equation  it  is  obvious  that  the  total  coefficient  is  to  a  great 
extent  a  function  of  •.  For  a  compressor  cascade  this  blade-to-blade  phase 
angle  depends  on  the  number  of  blades  and  on  the  normal  mode  of  vibration  In 
order  to  have  a  valid  stability  criterion  one  calculates  the  minimum  possible 
value  that  ctotai  can  attain  for  0<*<2ir  The  negative  sign  of  this  ctotai(mm) 
then  reveals  possible  flutter  conditions. 
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Sixth  Standard  Configuration. 

(Idem  fourth  standard  configuration  } 


Seventh  Standard  Configuration. 

(For  convenience,  this  section  of  the  present  report  has  been  copied  from  the 
NASA  Contractor  Report  159851  by  R.  £.  Riff  el  and  tl.  D  Rothrock  [481 ) 

The  fundamental  time-unsteady  data  of  interest  is  the  complex  airfoil  surface 
chordwise  pressure  distribution.  This  data,  together  with  the  airfoil  motion 
data,  determines  the  aerodynamic  stability.  The  unsteady  force  (lift)  and 
moment  on  the  airfoil  are  calculated  from  this  pressure  and  airfoil  motion 
data 

The  instrumentation  used  to  acquire  unsteady  data  are  included  in  the 
following. 

•  Strain  Gauges.  Two  per  airfoil  with  one  on  either  side  of  the  tunnel. 

•  Kulite  pressure  transducers:  Six  flush-mounted  per  surface  on  center 
airfoil  of  the  cascade  (a  total  of  twelve  transducers  on  blade  3). 

•  Heated  film  gauges  Five  surface-mounted  per  surface  (a  total  of  10)  on 
the  center  airfoil  of  the  cascade 

The  heated  film  gauges  were  used  to  qualitatively  examine  the  transition  and 
flow  separation  phenomena  on  the  airfoil  surfaces  for  the  conditions  where 
the  measured  unsteady  work  per  cycle  attains  its  maximum  and  minimum 
values.  The  dynamic  characteristic  of  each  heated  film  gauge  at  a  particular 
operating  point  were  determined  from  the  taped  oscilloscope  traces  of  the 
blade  motion  as  defined  by  the  signals  from  the  strain  gauge  and  the 
particular  heated  film  gauge  In  addition,  high  speed  Schlieren  movies  were 
taken. 

The  strain  gauge  and  pressure  transducer  data  was  acquired  simultaneously. 
The  on-line  analysis  was  performed  on  the  strain  gauge  signals  concurrent 
with  the  magnetic  tape  recording  of  the  signals  from  the  instrumented  blade's 
strain  gauge  and  pressure  transducers.  The  on-line  analysis  involved  eight 
channels  of  strain  gauge  data;  two  per  airfoil  The  twelve  surface  dynamic 
pressure  signals,  six  from  the  pressure  surface  and  six  from  the  suction 
surface,  along  with  the  reference  strain  gauge  signal  from  the  instrumented 
blade  were  taped  for  each  data  point. 

In  this  investigation  an  analog-to-digital  converter  having  a  rate  of  lOO'OOO 
points  per  second  was  used  Data,  either  real  time  or  taped,  was  digitized  and 
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stored  on  a  magnetic  disc  for  evaluation  An  "n"  cycle  data  averaging 
technique  was  adapted  early  in  the  test  program  to  eliminate  background 
noise  from  the  unsteady  pressure  signal  The  data  is  sampled  at  preset  time, 
triggered  by  a  square  wave  pulse  supplied  by  the  airfoil  drive  system 
computer  The  analog-to-digital  converter  is  triggered  by  the  positive  voltage 
at  the  leading  edge  of  the  pulse,  initiating  the  acquisition  of  the  unsteady 
pressure  data  The  data  can  be  sampled  for  "m‘  ensembles  and  *n'  cycles  and 
an  average  data  set  obtained. 

The  data  analysis  comprised  the  following  three  techniques 

•  Amplitude  calculation 

•  Frequency  calculation 

•  Phase  calculation 

in  the  amplitude  calculation,  a  second  order  least  square  fit  of  the  data  on 
the  positive  and  negative  sides  of  the  time  axis  was  made  for  each  half  cycle 
of  motion.  The  signal  amplitude  becomes  the  average  of  the  positive  peaks 
minus  the  average  of  the  negative  peaks. 

The  frequency  of  the  time-dependent  digital  data  was  determined  through  the 
autocorrelation  function  This  function  describes  the  dependence  on  the  values 
of  *he  data  at  one  time,  Xi(  on  the  values  at  another  time,  Xj+r  The  lag  time, 
aT,  is  inversely  proportional  to  the  rate  at  which  the  data  are  digitized  An 
autocorrelogram  of  the  digitized  data  exhibits  the  features  of  a  sine  wave 
plus  random  noise.  A  second  order  least  square  fit  function  was  fit  to  the 
data  depicting  the  second  positive  peak  of  the  autocorrelogram  The  inverse  of 
the  time  at  which  this  least  square  function  is  a  maximum  is  equal  to  the 
frequency,  f,  of  the  time-dependent  data  Additionally,  the  frequency  is  known 
from  the  computer  commanded  input  and  an  on-line,  electronic  counter 
The  phase  difference  between  the  time-variant  digitized  signals  was 
calculated  through  the  cross-correlation  function.  This  function,  for  two  sets 
of  data,  Xj  and  Yj,  describes  the  dependence  of  the  values  of  one  set  of  data  on 
the  other  As  in  the  frequency  calculation,  a  second  order  least  square  curve 
was  fit  to  the  data  in  the  nearest  to  zero  time  positive  peak  of  the  cross- 
correlogram.  The  time,  tp,  at  which  this  least  square  function  is  a  maximum 
was  analytically  determined.  The  phase  difference,  in  degrees,  was  calculated 
as 

♦p  =  tpf360 

where  f  is  the  frequency  calculated  for  the  airfoil  motion  from  the  strain 
gauge  data 
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The  reference  signal  for  all  the  phase  angle  determinations  was  a  strain 
gauge  signal  from  the  instrumented  airfoil  This  signal  was  common  in  both 
the  on-  and  off-line  data  acquisition. 
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